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ESTOLIDE COMPOSITIONS EXHIBITING
SUPERIOR HIGH-PERFORMANCE
PROPERTIES

This application claims benefit of 61/886,023, filed Oct. 2,
2013 and claims benefit 01 61/898,457, filed Oct. 30, 2013.

FIELD

The present disclosure relates to compositions containing,
one or more estolide compounds and an additive package. In
certain embodiments, the composition 1s a formulated engine
o1l.

BACKGROUND

Various types of petroleum-based lubricants suitable for
use 1n engines have been described. Such lubricants often
contain a variety of additive components in order for the
lubricant to pass industry standard tests to permit use 1n
engines. However, the use of such lubricants may result in the
dispersion of such lubricants into waterways, such as rivers,
oceans and lakes. The petroleum base stock and additives of
common engine lubricant formulations are typically non-
biodegradable and can be toxic. Thus, the preparation and use
of lubricants comprising biodegradable base o1ls 1s desirable
and has generated interest by both the environmental com-
munity and lubricant manufacturers.

SUMMARY

Described herein are compositions comprising at least one
estolide compound, and methods of making the same. In
certain embodiments, the composition comprises a composi-
tion suitable for use as an engine lubricant. In certain embodi-
ments, the composition comprises an estolide base o1l and an
additive package. In certain embodiments, the composition
COmMprises:

an additive package; and

at least one estolide compound selected from compounds

of Formula I:

O
/
R —C
\
_ O _
I O
/
CHg(CHz)yCH(CHz)IC\
O
- | el ) O
V4
CH3(CH2)yCH(CH2)IC\
OR,
Formula 1

wherein

x 1s, mdependently for each occurrence, an integer
selected from O to 20;

y 1s, mdependently for each occurrence, an integer
selected from 0 to 20;

n 1s an iteger equal to or greater than O;

R, 1s an optionally substituted alkyl that 1s saturated or
unsaturated, and branched or unbranched; and
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R, 1s selected from hydrogen and optionally substituted
alkyl that 1s saturated or unsaturated, and branched or

unbranched;
wherein each fatty acid chain residue of said at least one
estolide compound 1s independently optionally substituted.
In certain embodiments, the composition comprises:
an additive package; and
at least one estolide compound selected from compounds
of Formula II:

] i Formula II
O
/Y
R,—C
\
- O -1 177
B} o
//
Ry—C
\
- O - 77
‘ O
Ry— C//
\
OR,
wherein

m 15 an integer equal to or greater than 1;

n 1s an integer equal to or greater than O;

R,, mdependently for each occurrence, 1s an optionally
substituted alkyl that i1s saturated or unsaturated, and
branched or unbranched;

R, 1s selected from hydrogen and optionally substituted
alkyl that 1s saturated or unsaturated, and branched or
unbranched; and
R, and R,, independently for each occurrence, are

selected from optionally substituted alkyl that 1s satu-
rated or unsaturated, and branched or unbranched.

DETAILED DESCRIPTION

The estolide compositions described herein may exhibit
superior oxidative stability when compared to other lubricant
and/or estolide-containing compositions. Exemplary compo-
sitions 1include, but are not limited to, coolants, fire-resistant
and/or non-flammable fluids, dielectric fluids such as trans-
former fluids, greases, drilling fluids, crankcase oils, hydrau-
lic fluids, passenger car motor oils (PCMO), two- and four-
stroke lubricants, metalworking fluids, food-grade lubricants,
refrigerating fluids, compressor tluids, and plasticized com-
positions.

The use of lubricants and lubricating fluid compositions
may result in the dispersion of such fluids, compounds, and/or
compositions 1n the environment. Petroleum base o1ls used in
common lubricant compositions, as well as additives, are
typically non-biodegradable and can be toxic. The present
disclosure provides for the preparation and use of composi-
tions comprising partially or fully biodegradable base oils,
including base oils comprising one or more estolides.

In certain embodiments, the lubricants and/or composi-
tions comprising one or more estolides are partially or fully
biodegradable and thereby pose diminished risk to the envi-
ronment. In certain embodiments, the lubricants and/or com-
positions meet guidelines set for by the Orgamization for
Economic Cooperation and Development (OECD) for deg-
radation and accumulation testing. The OECD has indicated
that several tests may be used to determine the “ready biode-
gradability” of organic chemicals. Aerobic ready biodegrad-
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ability by OECD 301D measures the mineralization of the
test sample to CO, 1n closed aerobic microcosms that simu-
late an aerobic aquatic environment, with microorganisms
seeded from a waste-water treatment plant. OECD 301D 1s
considered representative of most acrobic environments that
are likely to recerve waste materials. Aerobic “ultimate bio-
degradability” can be determined by OECD 302D. Under
OECD 302D, microorganisms are pre-acclimated to biodeg-
radation of the test material during a pre-incubation period,
then incubated in sealed vessels with relatively high concen-
trations of microorganisms and enriched mineral salts
medium. OECD 302D ultimately determines whether the test
maternials are completely biodegradable, albeit under less
stringent conditions than “ready biodegradability” assays.

As used 1n the present specification, the following words,
phrases and symbols are generally intended to have the mean-
ings as set forth below, except to the extent that the context 1n
which they are used indicates otherwise. The following
abbreviations and terms have the indicated meanings
throughout:

A dash (*—7) that 1s not between two letters or symbols 1s
used to mdicate a point of attachment for a substituent. For
example, —C(O)NH, 1s attached through the carbon atom.

“Alkoxy” by itself or as part of another substituent refers to
a radical —OR>" where R”" is alkyl, cycloalkyl, cycloalkyla-
lkvyl, aryl, or arylalkyl, which can be substituted, as defined
herein. In some embodiments, alkoxy groups have from 1 to
8 carbon atoms. In some embodiments, alkoxy groups have 1,
2,3,4,5,6,7, or 8 carbon atoms. Examples of alkoxy groups
include, but are not limited to, methoxy, ethoxy, propoxy,
butoxy, cyclohexyloxy, and the like.

“Alkyl” by itself or as part of another substituent refers to
a saturated or unsaturated, branched, or straight-chain
monovalent hydrocarbon radical derived by the removal of
one hydrogen atom from a single carbon atom of a parent
alkane, alkene, or alkyne. Examples of alkyl groups include,
but are not limited to, methyl; ethyls such as ethanyl, ethenyl,
and ethynyl; propyls such as propan-1-yl, propan-2-yl, prop-
1-en-1-yl, prop-1-en-2-yl, prop-2-en-1-yl (allyl), prop-1-yn-
1-y1, prop-2-yn-1-yl, etc.; butyls such as butan-1-yl, butan-2-
yl, 2-methyl-propan-1-yl, 2-methyl-propan-2-yl, but-1-en-1-
yl, but-1-en-2- yl, 2-methyl-prop-1-en-1-yl, but-2-en-1-vl,
but-2-en-2-yl, buta-1,3-dien-1-yl, buta-1,3-dien-2-yl, but-1-
yn-1-vy1, but-1-yn-3-yl, but-3-yn-1-yl, etc.; and the like.

Unless otherwise indicated, the term “alkyl” 1s specifically
intended to include groups having any degree or level of
saturation, 1.€., groups having exclusively single carbon-car-
bon bonds, groups having one or more double carbon-carbon
bonds, groups having one or more triple carbon-carbon
bonds, and groups having mixtures of single, double, and
triple carbon-carbon bonds. Where a specific level of satura-
tion 1s mntended, the terms *“alkanyl,” “alkenyl,” and “alkynyl™
are used. In certain embodiments, an alkyl group comprises
from 1 to 40 carbon atoms, 1n certain embodiments, from 1 to
22 or 1 to 18 carbon atoms, 1n certain embodiments, from 1 to
16 or 1 to 8 carbon atoms, and 1n certain embodiments from 1
to 6 or 1 to 3 carbon atoms. In certain embodiments, an alkyl
group comprises ifrom 8 to 22 carbon atoms, in certain
embodiments, from 8 to 18 or 8 to 16. In some embodiments,
the alkyl group comprises from 3 to 20 or 7 to 17 carbons. In
some embodiments, the alkyl group comprises 1, 2, 3,4, 5, 6,
7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, or 22
carbon atoms.

“Aryl” by itself or as part of another substituent refers to a
monovalent aromatic hydrocarbon radical derived by the
removal of one hydrogen atom from a single carbon atom of
a parent aromatic ring system. Aryl encompasses 5- and
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6-membered carbocyclic aromatic rings, for example, ben-
zene; bicyclic ring systems wherein at least one ring 1s car-
bocyclic and aromatic, for example, naphthalene, indane, and
tetralin; and tricyclic ring systems wherein at least one ring 1s
carbocyclic and aromatic, for example, fluorene. Aryl encom-
passes multiple ring systems having at least one carbocyclic
aromatic ring fused to at least one carbocyclic aromatic ring,
cycloalkyl ring, or heterocycloalkyl ring. For example, aryl
includes 5- and 6-membered carbocyclic aromatic rings fused
to a 5- to 7-membered non-aromatic heterocycloalkyl ring
containing one or more heteroatoms chosen from N, O, and S.
For such fused, bicyclic ring systems wherein only one of the
rings 1s a carbocyclic aromatic ring, the point of attachment
may be at the carbocyclic aromatic ring or the heterocy-
cloalkyl ring. Examples of aryl groups include, but are not
limited to, groups derived from aceanthrylene, acenaphthyl-
ene, acephenanthrylene, anthracene, azulene, benzene, chry-
sene, coronene, fluoranthene, fluorene, hexacene, hexaphene,
hexylene, as-indacene, s-indacene, indane, indene, naphtha-
lene, octacene, octaphene, octalene, ovalene, penta-2,4-di-
ene, pentacene, pentalene, pentaphene, perylene, phenalene,
phenanthrene, picene, pleiadene, pyrene, pyranthrene,
rubicene, triphenylene, trinaphthalene, and the like. In certain
embodiments, an aryl group can comprise from 5 to 20 carbon
atoms, and 1n certain embodiments, from 5 to 12 carbon
atoms. In certain embodiments, an aryl group can comprise 3,
6,7,8,9,10,11,12,13, 14, 15,16, 17, 18, 19, or 20 carbon
atoms. Aryl, however, does not encompass or overlap 1n any
way with heteroaryl, separately defined herein. Hence, a mul-
tiple ring system in which one or more carbocyclic aromatic
rings 1s fused to a heterocycloalkyl aromatic ring, 1s het-
croaryl, not aryl, as defined herein.

“Arylalkyl” by itself or as part of another substituent refers
to an acyclic alkyl radical in which one of the hydrogen atoms
bonded to a carbon atom, typically a terminal or sp> carbon
atom, 1s replaced with an aryl group. Examples of arylalkyl
groups include, but are not limited to, benzyl, 2-phenylethan-
1-yl, 2-phenylethen-1-yl, naphthylmethyl, 2-naphthylethan-
1-yl, 2-naphthylethen-1-yl, naphthobenzyl, 2-naphthophe-
nylethan-1-yl, and the like. Where specific alkyl moieties are
intended, the nomenclature arylalkanyl, arylalkenyl, or ary-
lalkynyl 1s used. In certain embodiments, an arylalkyl group
1s C,_55 arylalkyl, e.g., the alkanyl, alkenyl, or alkynyl moiety
of the arylalkyl group 1s C, _,, and the aryl moiety 1s C,_,,, and
in certain embodiments, an arylalkyl group 1s C-_,, arylalkyl,
¢.g., the alkanyl, alkenyl, or alkynyl moiety of the arylalkyl
group 1s C, _, and the aryl moiety 1s C_,,.

Estolide “base 011 and “base stock”, unless otherwise indi-
cated, refer to any composition comprising one or more
estolide compounds. It should be understood that an estolide
“base 011" or “base stock”™ 1s not limited to compositions for a
particular use, and may generally refer to compositions com-
prising one or more estolides, including mixtures of estolides.
Estolide base o1ls and base stocks can also include com-
pounds other than estolides.

“Antioxidant” refers to a substance that 1s capable of inhib-
iting, preventing, reducing, or ameliorating oxidative reac-
tions 1n another substance (e.g., base o1l such as an estolide
compound) when the antioxidant 1s used 1n a composition
(e.g., lubricant formulation) that includes such other sub-
stances. An example of an “antioxidant” 1s an oxXygen scav-
enger.

“Compounds” refers to compounds encompassed by struc-
tural Formula I and II herein and includes any specific com-
pounds within the formula whose structure 1s disclosed
herein. Compounds may be identified either by their chemical
structure and/or chemical name. When the chemaical structure
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and chemical name conflict, the chemical structure 1s deter-
minative of the identity of the compound. The compounds
described herein may contain one or more chiral centers
and/or double bonds and therefore may exist as stereoisomers
such as double-bond 1somers (1.¢., geometric 1somers ), enan-
tiomers, or diastereomers. Accordingly, any chemical struc-
tures within the scope of the specification depicted, 1n whole
or in part, with a relative configuration encompass all possible
enantiomers and stereoisomers of the illustrated compounds
including the stereoisomerically pure form (e.g., geometri-
cally pure, enantiomerically pure, or diastereomerically pure)
and enantiomeric and stereoisomeric mixtures. Enantiomeric
and stereoisomeric mixtures may be resolved into their com-
ponent enantiomers or stereoisomers using separation tech-
niques or chiral synthesis techniques well known to the
skilled artisan.

For the purposes of the present disclosure, “chiral com-
pounds” are compounds having at least one center of chirality
(1.c. at least one asymmetric atom, in particular at least one
asymmetric C atom), having an axis of chirality, a plane of
churality or a screw structure. “Achiral compounds™ are com-
pounds which are not chiral.

Compounds of Formula I and II include, but are not limited
to, optical 1somers of compounds of Formula I and II, race-
mates thereot, and other mixtures thereof. In such embodi-
ments, the single enantiomers or diastereomer I and I s, 1.e.,
optically active forms, can be obtained by asymmetric syn-
thesis or by resolution of the racemates. Resolution of the
racemates may be accomplished by, for example, chromatog-
raphy, using, for example a chiral high-pressure liquid chro-
matography (HPLC) column. However, unless otherwise
stated, 1t should be assumed that Formula I and II cover all
asymmetric variants of the compounds described herein,
including 1somers, racemates, enantiomers, diastereomers,
and other mixtures thereof. In addition, compounds of For-
mula I and II include Z- and E-forms (e.g., c1s- and trans-
forms) of compounds with double bonds. The compounds of
Formula I and II may also exist in several tautomeric forms
including the enol form, the keto form, and mixtures thereof.
Accordingly, the chemical structures depicted herein encom-
pass all possible tautomeric forms of the illustrated com-
pounds.

“Cycloalkyl” by itself or as part of another substituent
refers to a saturated or unsaturated cyclic alkyl radical. Where
a specific level of saturation i1s intended, the nomenclature
“cycloalkanyl” or “cycloalkenyl” 1s used. Examples of
cycloalkyl groups include, but are not limited to, groups
derived from cyclopropane, cyclobutane, cyclopentane,
cyclohexane, and the like. In certain embodiments, a
cycloalkyl group 1s C,_, < cycloalkyl, and 1n certain embodi-
ments, C;_ ,, cycloalkyl or C._,, cycloalkyl. In certain
embodiments, a cycloalkyl group1saC;, C,, C,, Cq, C,, C, 4.,
C,;, Cis, Ci3, Cia, or C, < cycloalkyl.

“Cycloalkylalkyl” by 1tself or as part of another substituent
refers to an acyclic alkyl radical in which one of the hydrogen
atoms bonded to a carbon atom, typically a terminal or sp”
carbon atom, 1s replaced with a cycloalkyl group. Where
specific alkyl moieties are intended, the nomenclature
cycloalkylalkanyl, cycloalkylalkenyl, or cycloalkylalkynyl 1s
used. In certain embodiments, a cycloalkylalkyl group 1s
C, 5 cycloalkylalkyl, e.g., the alkanyl, alkenyl, or alkynyl
moiety of the cycloalkylalkyl group 1s C, ,, and the
cycloalkyl moiety 1s C,_,,, and in certain embodiments, a
cycloalkylalkyl group 1s C-_,, cycloalkylalkyl, e.g., the alka-
nyl, alkenyl, or alkynyl moiety of the cycloalkylalkyl group 1s
C,_¢ and the cycloalkyl moiety 1s C,_,, or C_;-.

“Halogen” refers to a fluoro, chloro, bromo, or 1odo group.
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“Heteroaryl” by 1tself or as part of another substituent
refers to a monovalent heteroaromatic radical derived by the
removal of one hydrogen atom from a single atom of a parent
heteroaromatic ring system. Heteroaryl encompasses mul-
tiple ring systems having at least one aromatic ring fused to at
least one other ring, which can be aromatic or non-aromatic in
which at least one ring atom 1s a heteroatom. Heteroaryl
encompasses S- to 12-membered aromatic, such as 3- to
7-membered, monocyclic rings containing one or more, for
example, from 1 to 4, or 1n certain embodiments, from 1 to 3,
heteroatoms chosen from N, O, and S, with the remaiming ring
atoms being carbon; and bicyclic heterocycloalkyl rings con-
taining one or more, for example, from 1 to 4, or in certain
embodiments, from 1 to 3, heteroatoms chosen from N, O,
and S, with the remaining ring atoms being carbon and
wherein at least one heteroatom 1s present 1n an aromatic ring.
For example, heteroaryl includes a 5- to 7-membered hetero-
cycloalkyl, aromatic ring fused to a 5- to 7-membered
cycloalkyl rning. For such fused, bicyclic heteroaryl ring sys-
tems wherein only one of the rings contains one or more
heteroatoms, the point of attachment may be at the heteroaro-
matic ring or the cycloalkyl ring. In certain embodiments,
when the total number of N, S, and O atoms in the heteroaryl
group exceeds one, the heteroatoms are not adjacent to one
another. In certain embodiments, the total number of N, S, and
O atoms 1n the heteroaryl group i1s not more than two. In
certain embodiments, the total number of N, S, and O atoms
in the aromatic heterocycle 1s not more than one. Heteroaryl
does not encompass or overlap with aryl as defined herein.

Examples of heteroaryl groups include, but are not limited
to, groups derived from acridine, arsindole, carbazole, [3-car-
boline, chromane, chromene, cinnoline, furan, imidazole,
indazole, indole, indoline, indolizine, 1sobenzofuran, 1soch-
romene, 1soindole, 1soindoline, 1soquinoline, 1sothiazole,
1soxazole, naphthyridine, oxadiazole, oxazole, perimidine,
phenanthridine, phenanthroline, phenazine, phthalazine, pte-
ridine, purine, pyran, pyrazine, pyrazole, pyridazine, pyri-
dine, pyrimidine, pyrrole, pyrrolizine, quinazoline, quino-
line, quinolizine, quinoxaline, tetrazole, thiadiazole, thiazole,
thiophene, triazole, xanthene, and the like. In certain embodi-
ments, a heteroaryl group 1s from 5- to 20-membered het-
eroaryl, and 1n certain embodiments from 3- to 12-membered
heteroaryl or from 5- to 10-membered heteroaryl. In certain
embodiments, a heteroaryl groupisa 5-, 6-,7-,8-,9-,10-, 11-,
12-, 13-, 14-, 15-, 16-, 17-, 18-, 19-, or 20-membered het-
croaryl. In certain embodiments heteroaryl groups are those
derived from thiophene, pyrrole, benzothiophene, benzofu-
ran, indole, pyridine, quinoline, imidazole, oxazole, and
pyrazine.

“Heteroarylalkyl” by 1tself or as part of another substituent
refers to an acyclic alkyl radical 1n which one of the hydrogen
atoms bonded to a carbon atom, typically a terminal or sp°
carbon atom, 1s replaced with a heteroaryl group. Where
specific alkyl moieties are intended, the nomenclature het-
croarylalkanyl, heteroarylalkenyl, or heteroarylalkynyl 1is
used. In certain embodiments, a heteroarylalkyl group 1s a 6-
to 30-membered heteroarylalkyl, e.g., the alkanyl, alkenyl, or
alkynyl moiety of the heteroarylalkyl 1s 1- to 10-membered
and the heteroaryl moiety 1s a 5- to 20-membered heteroaryl,
and 1n certain embodiments, 6- to 20-membered heteroaryla-
lkvl, e.g., the alkanyl, alkenyl, or alkynyl moiety of the het-
croarylalkyl 1s 1- to 8-membered and the heteroaryl moiety 1s
a 5- to 12-membered heteroaryl.

“Heterocycloalkyl” by 1tself or as part of another substitu-
ent refers to a partially saturated or unsaturated cyclic alkyl
radical 1n which one or more carbon atoms (and any associ-
ated hydrogen atoms) are independently replaced with the
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same or different heteroatom. Examples of heteroatoms to
replace the carbon atom(s) include, but are not limited to, N,
P, O, S, S1, etc. Where a specific level of saturation 1s intended,
the nomenclature “heterocycloalkanyl” or “heterocycloalk-
enyl” 1s used. Examples of heterocycloalkyl groups include,
but are not limited to, groups derived from epoxides, azirines,
thirranes, 1midazolidine, morpholine, piperazine, piperidine,
pyrazolidine, pyrrolidine, quinuclidine, and the like.

“Heterocycloalkylalkyl” by 1tself or as part of another sub-
stituent refers to an acyclic alkyl radical 1n which one of the
hydrogen atoms bonded to a carbon atom, typically a terminal
or sp- carbon atom, is replaced with a heterocycloalkyl group.
Where specific alkyl moieties are intended, the nomenclature
heterocycloalkylalkanyl, heterocycloalkylalkenyl, or hetero-
cycloalkylalkynyl 1s used. In certain embodiments, a hetero-
cycloalkylalkyl group 1s a 6- to 30-membered heterocy-
cloalkylalkyl, e.g., the alkanyl, alkenyl, or alkynyl moiety of
the heterocycloalkylalkyl 1s 1- to 10-membered and the het-
erocycloalkyl moiety 1s a 5- to 20-membered heterocy-
cloalkyl, and in certain embodiments, 6- to 20-membered
heterocycloalkylalkyl, e.g., the alkanyl, alkenyl, or alkynyl
moiety of the heterocycloalkylalkyl 1s 1- to 8-membered and
the heterocycloalkyl moiety 1s a 3- to 12-membered hetero-
cycloalkyl.

“Mixture” refers to a collection of molecules or chemical
substances. Each component in a mixture can be indepen-
dently varied. A mixture may contain, or consist essentially
of, two or more substances mtermingled with or without a
constant percentage composition, wherein each component
may or may not retain 1ts essential original properties, and
where molecular phase mixing may or may not occur. In
mixtures, the components making up the mixture may or may
not remain distinguishable from each other by virtue of their
chemical structure.

“Parent aromatic ring system’ refers to an unsaturated
cyclic or polycyclic ring system having a conjugated m (p1)
clectron system. Included within the definition of “parent
aromatic ring system’ are fused ring systems in which one or
more of the rings are aromatic and one or more of the rings are
saturated or unsaturated, such as, for example, fluorene,
indane, indene, phenalene, etc. Examples of parent aromatic
ring systems include, but are not limited to, aceanthrylene,
acenaphthylene, acephenanthrylene, anthracene, azulene,
benzene, chrysene, coronene, {fluoranthene, fluorene,
hexacene, hexaphene, hexylene, as-indacene, s-indacene,
indane, indene, naphthalene, octacene, octaphene, octalene,
ovalene, penta-2,4-diene, pentacene, pentalene, pentaphene,
perylene, phenalene, phenanthrene, picene, pleiadene,
pyrene, pyranthrene, rubicene, triphenylene, trinaphthalene,
and the like.

“Parent heteroaromatic ring system’ refers to a parent aro-
matic ring system in which one or more carbon atoms (and
any associated hydrogen atoms) are independently replaced
with the same or different heteroatom. Examples of heteroa-
toms to replace the carbon atoms include, but are not limited
to, N, P, O, S, Si1, etc. Specifically included within the defini-
tion of “parent heteroaromatic ring systems” are fused ring
systems 1n which one or more of the rings are aromatic and
one or more of the rings are saturated or unsaturated, such as,
for example, arsindole, benzodioxan, benzofuran, chromane,
chromene, indole, indoline, xanthene, etc. Examples of par-
ent heteroaromatic ring systems include, but are not limited
to, arsindole, carbazole, p-carboline, chromane, chromene,
cinnoline, furan, i1midazole, indazole, indole, 1ndoline,
indolizine, 1sobenzofuran, 1sochromene, 1soindole, 1soindo-
line, 1soquinoline, 1sothiazole, 1soxazole, naphthyridine, oxa-
diazole, oxazole, perimidine, phenanthridine, phenanthro-
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line, phenazine, phthalazine, pteridine, purine, pyran,
pyrazine, pyrazole, pyridazine, pyridine, pyrimidine, pyrrole,
pyrrolizine, quinazoline, quinoline, quinolizine, quinoxaline,
tetrazole, thiadiazole, thiazole, thiophene, triazole, xanthene,
and the like.

“Substituted” refers to a group in which one or more hydro-
gen atoms are independently replaced with the same or dii-
ferent substituent(s). Examples of substituents include, but
are not limited to, —R®*, —R°°, —0O~, —OH, —0, —OR"*°,
—SR®°, —S7, —S, —NR*°R®', —NR*°, —CN, —CF,,
—OCN, —SCN, —NO, —NO,, —=N,, —N,, —S(0),0",
—S(0),0H, —S(0O),R*®, —0OS(0,)0O", —OS(0),R*",
—P(0)(07),, —P(O)(OR™)(O7), —OP(O)(OR*)(OR™"),
—C(O)R®?, —C(S)R®?, —C(O)OR®", —C(O)NR°*’R°*,
—C(0)O™, —C(S)OR®”, —NR**C(O)NR*’R°®', —NR°*C
(SNR°’R®", — NR°*C(NR*)NR*“R®", — C(NR®?)
NR°°R®', —S(0),, NR*’R®', —NR°’S(0),R°®, —NR*’C
(R, and —S(O)R®";

wherein each —R°®* is independently a halogen; each R°®"
and R°' are independently alkyl, substituted alkyl, alkoxy,
substituted alkoxy, cycloalkyl, substituted cycloalkyl, hetero-
cycloalkyl, substituted heterocycloalkyl, aryl, substituted
aryl, heteroaryl, substituted heteroaryl, arylalkyl, substituted
arylalkyl, heteroarylalkyl, or substituted heteroarylalkyl, or
R® and R°! together with the nitrogen atom to which they are
bonded form a heterocycloalkyl, substituted heterocy-
cloalkyl, heteroaryl, or substituted heteroaryl ring, and R°>
and R are independently alkyl, substituted alkyl, aryl, sub-
stituted aryl, arylalkyl, substituted arylalkyl, cycloalkyl, sub-
stituted cycloalkyl, heterocycloalkyl, substituted heterocy-
cloalkyl, heteroaryl, substituted heteroaryl, heteroarylalkyl,
or substituted heteroarylalkyl, or R®* and R°®? together with
the atom to which they are bonded form one or more hetero-
cycloalkyl, substituted heterocycloalkyl, heteroaryl, or sub-
stituted heteroaryl rings;

wherein the “substituted” substituents, as defined above for
R, R°' R®* and R, are substituted with one or more, such
as one, two, or three, groups independently selected from
alkyl, -alkylOH, O-haloalkyl, alkylINH,, alkoxy, cycloalkyl,
cycloalkylalkyl, heterocycloalkyl, heterocycloalkylalkyl,
aryl, heteroaryl, arylalkyl, heteroarylalkyl, —O~, —OH,
—(0, —0O-alkyl, —O-aryl, —O-heteroarylalkyl, —O-cy-
cloalkyl, —O-heterocycloalkyl, —SH, —S~, =S, —S-alkyl,
S-aryl, —S-heteroarylalkyl, —S-cycloalkyl, —S-hetero-
cycloalkyl, —NH,, =—=NH, —CN, —CF,, —OCN, —SCN,
—NO, —NO,, =N,, —N;, —S(0),0, —S(0),, —S(0),
OH, —08S5(0,)0™, —S0,(alkyl), —SO,(phenyl), —SO, (ha-
loalkyl), —SO,NH,, SO,NH(alkyl), SO,NH(phenyl),
—P(O)(O7),, —P(O)(O-alky)(O7), —OP(O)(O-alkyl)(O-
alkyl), CO,H, C(O)O(alkyl), CON(alkyl)(alkyl), —CONH
(alkyl), CONH,, C(O)(alkyl), C(O)(phenyl), C(O)(ha-
loalkyl), OC(O)(alkyl), N(alkyl)(alkyl), NH(alkyl), N(alkyl)
(alkylphenyl), NH(alkylphenyl), NHC(O)(alkyl), NHC{(O)
(phenyl), —N(alkyl)C(O)(alkyl), and N{alky])C(O)(phenyl).

As used 1n this specification and the appended claims, the
articles “a,” “an,” and “the” include plural referents unless
expressly and unequivocally limited to one referent.

All numerical ranges herein include all numerical values
and ranges of all numerical values within the recited range of
numerical values.

The present disclosure relates compositions comprising,
one or more estolide compounds, and methods of making the
same. In certain embodiments, the composition comprises a
composition suitable for use as an engine lubricant. In certain
embodiments, the composition comprises an estolide base o1l
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and an additive package. In certain embodiments, the com-
position comprises:
an additive package; and
at least one estolide compound selected from compounds
of Formula I:

o Formula I
/4
R—C
\
_ O _
I O
V4
CH; (CHZ)yCH(CHz)KC\
O
- | el 4 O
V4
CH; (CHz)yCH(CHZ)IC\
OR>»

wherein
x 1s, mdependently for each occurrence, an integer
selected from O to 20;
y 1s, independently for each occurrence, an integer
selected from O to 20;
n 1s an iteger equal to or greater than O;
R, 1s an optionally substituted alkyl that 1s saturated or
unsaturated, and branched or unbranched; and
R, 1s selected from hydrogen and optionally substituted
alkyl that 1s saturated or unsaturated, and branched or
unbranched;
wherein each fatty acid chain residue of said at least one
estolide compound 1s independently optionally sub-
stituted.
In certain embodiments, the composition comprises:
an additive package; and
at least one estolide compound selected from compounds
of Formula II:

] ] Formula II
O
/Y
R;—C
\
- O - 77
_ o
/Y
R3—C
\
- O 4
O
R4 C//
\
OR,
wherein

m 1s an mteger equal to or greater than 1;
n 1s an integer equal to or greater than O;

R,, mndependently for each occurrence, 1s an optionally
substituted alkyl that i1s saturated or unsaturated, and
branched or unbranched;

R, 1s selected from hydrogen and optionally substituted
alkyl that 1s saturated or unsaturated, and branched or
unbranched; and

R, and R ,, independently for each occurrence, are selected
from optionally substituted alkyl that 1s saturated or
unsaturated, and branched or unbranched.
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In certain embodiments, the composition comprises at
least one estolide compound of Formula I or I, wherein R, 1s
hydrogen.

The terms “chain’ or “fatty acid chain™ or “fatty acid chain
residue,” as used with respect to the estolide compounds of
FormulaI and I1, refer to one or more of the fatty acid residues
incorporated in estolide compounds, e.g., R, or R, of Formula

II, or the structures represented by CH,(CH,),CH(CH,),C
(O)O— 1n Formula 1.

The R, inFormulaIand II atthe top of each Formula shown
1s an example of what may be referred to as a “cap™ or
“capping material,” as 1t “caps’ the top of the estolide. Simi-
larly, the capping group may be an organic acid residue of
general formula —OC(O)-alkyl, 1.e., a carboxylic acid with a
substituted or unsubstituted, saturated or unsaturated, and/or
branched or unbranched alkyl as defined herein, or a formic
acid residue. In certain embodiments, the “cap™ or “capping
group’’ 1s a fatty acid. In certain embodiments, the capping
group, regardless of size, 1s substituted or unsubstituted, satu-
rated or unsaturated, and/or branched or unbranched. The cap
or capping material may also be referred to as the primary or
alpha (o) chain.

Depending on the manner 1n which the estolide 1s synthe-
s1zed, the cap or capping group alkyl may be the only alkyl
from an organic acid residue 1n the resulting estolide that 1s
unsaturated. In certain embodiments, 1t may be desirable to
use a saturated organic or fatty-acid cap to increase the overall
saturation of the estolide and/or to increase the resulting
estolide’s stability. For example, 1n certain embodiments, 1t
may be desirable to provide a method of providing a saturated
capped estolide by hydrogenating an unsaturated cap using
any suitable methods available to those of ordinary skill in the
art. Hydrogenation may be used with various sources of the
fatty-acid feedstock, which may include mono- and/or poly-
unsaturated fatty acids. Without being bound to any particular
theory, 1n certain embodiments, hydrogenating the estolide
may help to improve the overall stability of the molecule.
However, a fully-hydrogenated estolide, such as an estolide
with a larger fatty acid cap, may exhibit increased pour point
temperatures. In certain embodiments, it may be desirable to
olfset any loss in desirable pour-point characteristics by using
shorter, saturated capping materials.

The R,C(O)O— of Formula II or structure CH;(CH,),CH
(CH,) C(O)O— of Formula I serve as the “base” or “base
chain residue” of the estolide. Depending on the manner 1n
which the estolide 1s synthesized, the base organic acid or
fatty acid residue may be the only residue that remains 1n 1ts
free-acid form after the initial synthesis of the estolide. How-
ever, 1n certain embodiments, 1n an effort to alter or improve
the properties of the estolide, the free acid may be reacted
with any number of substituents. For example, 1t may be
desirable to react the free acid estolide with alcohols, glycols,
amines, or other suitable reactants to provide the correspond-
ing ester, amide, or other reaction products. The base or base
chain residue may also be referred to as tertiary or gamma (y)
chains.

The R;C(O)O— of Formula II or structure CH;(CH,),CH
(CH,) C(O)O— of Formula I are linking residues that link
the capping material and the base fatty-acid residue together.
There may be any number of linking residues in the estolide,
including when n=0 and the estolide 1s 1n 1ts dimer form.
Depending on the manner 1n which the estolide 1s prepared, a
linking residue may be a fatty acid and may 1nitially be in an
unsaturated form during synthesis. In some embodiments, the
estolide will be formed when a catalyst 1s used to produce a
carbocation at the fatty acid’s site of unsaturation, which 1s
followed by nucleophilic attack on the carbocation by the
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carboxylic group of another fatty acid. In some embodiments,
it may be desirable to have a linking fatty acid that 1s monoun-
saturated so that when the fatty acids link together, all of the
sites of unsaturation are eliminated. The linking residue(s)
may also be referred to as secondary or beta ({3) chains.

In certain embodiments, the cap 1s an acetyl group, the
linking residue(s) 1s one or more fatty acid residues, and the
base chain residue 1s a fatty acid residue. In certain embodi-
ments, the linking residues present 1n an estolide differ from
one another. In certain embodiments, one or more of the
linking residues differs from the base chain residue.

As noted above, 1n certain embodiments, suitable unsatur-
ated fatty acids for preparing the estolides may include any
mono- or polyunsaturated fatty acid. For example, monoun-
saturated fatty acids, along with a suitable catalyst, will form
a single carbocation that allows for the addition of a second
fatty acid, whereby a single link between two fatty acids 1s
formed. Suitable monounsaturated fatty acids may include,
but are not limited to, palmitoleic acid (16:1), vaccenic acid
(18:1), oleic acid (18:1), eicosenoic acid (20:1), erucic acid
(22:1), and nervonic acid (24:1). In addition, in certain
embodiments, polyunsaturated fatty acids may be used to
create estolides. Suitable polyunsaturated fatty acids may
include, but are not limited to, hexadecatrienoic acid (16:3),
alpha-linolenic acid (18:3), stearidonic acid (18:4), eicosa-
trienoic acid (20:3), eicosatetraenoic acid (20:4), eicosapen-
taenoic acid (20:5), heneicosapentaenoic acid (21:5), docosa-
pentacnoic acid (22:5), docosahexaenoic acid (22:6),
tetracosapentaenoic acid (24:5), tetracosahexaenoic acid (24
6), linoleic acid (18:2), gamma-linoleic acid (18:3), eicosa-
dienoic acid (20:2), dihomo-gamma-linolenic acid (20:3),
arachidonic acid (20:4), docosadienoic acid (20:2), adrenic
acid (22:4), docosapentacnoic acid (22:35), tetracosatet-
racnoic acid (22:4), tetracosapentacnoic acid (24:5), pino-
lenic acid (18:3), podocarpic acid (20:3), rumenic acid (18:2),
alpha-calendic acid (18:3), beta-calendic acid (18:3), jacaric
acid (18:3), alpha-eleostearic acid (18:3), beta-cleostearic
(18:3), catalpic acid (18:3), punicic acid (18:3), rumelenic
acid (18:3), alpha-parinaric acid (18:4), beta-parinaric acid
(18:4), and bosseopentaenoic acid (20:35). Other exemplay
fatty acids may include terminally-unsaturated fatty acids
such as 10-undecenoic acid, which may be derived from
castor o1l. In certain embodiments, hydroxy fatty acids may
be polymerized or homopolymenized by reacting the car-
boxylic acid functionality of one fatty acid with the hydroxy
functionality of a second fatty acid. Exemplary hydroxyl fatty
acids include, but are not limited to, ricinoleic acid, 6-hydrox-
ystearic acid, 9,10-dihydroxystearic acid, 12-hydroxystearic
acid, and 14-hydroxystearic acid.

The process for preparing the estolide compounds
described herein may include the use of any natural or syn-
thetic fatty acid source. However, 1t may be desirable to
source the fatty acids from a renewable biological feedstock.
For example, suitable starting materials of biological origin
include, but are not limited to, plant fats, plant oils, plant
waxes, animal fats, animal oils, animal waxes, fish fats, fish
oils, fish waxes, algal oils and mixtures of two or more
thereot. Other potential fatty acid sources include, but are not
limited to, waste and recycled food-grade fats and oils, fats,
oils, and waxes obtained by genetic engineering, fossil fuel-
based materials and other sources of the matenials desired.

In certain embodiments, the estolide compounds described
herein may be prepared from non-naturally occurring fatty
acids dertved from naturally occurring feedstocks. In certain
embodiments, the estolides are prepared from synthetic fatty
acid reactants derrved from naturally occurring feedstocks
such as vegetable oils. For example, the synthetic fatty acid
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reactants may be prepared by cleaving fragments from larger
fatty acid residues occurring 1n natural oils such as triglycer-
ides using, for example, a cross-metathesis catalyst and
alpha-olefin(s). The resulting truncated fatty acid residue(s)
may be liberated from the glycerine backbone using any
suitable hydrolytic and/or transesterification processes
known to those of skill in the art. An exemplary fatty acid
reactants include 9-dodecenoic acid and 9-decenoic acid,
which may be prepared via the cross metathesis of an oleic
acid residue with 1-butene.

In some embodiments, the compound comprises chain
residues of varying lengths. In some embodiments, X 1s, inde-
pendently for each occurrence, an integer selected from O to
20,0t018,0t016,0t0 14, 1to 12, 1t0 10, 2t0o 8, 6 to 8, or
4 to 6. In some embodiments, X 1s, independently for each
occurrence, an integer selected from 7 and 8. In some embodi-
ments, X 1s, independently for each occurrence, an integer
selected from 0, 1, 2,3,4,5,6,7,8,9,10,11, 12, 13, 14, 13,
16,17, 18, 19, and 20. In certain embodiments, for at least one
chain residue, x 1s an integer selected from 7 and 8.

In some embodiments, v 1s, independently for each occur-
rence, an integer selected from 0to0 20, 0to 18,0to0 16,0to 14,
1to12,1t010,2t08, 6108, or4to 6. Insome embodiments,
y 18, independently for each occurrence, an integer selected
from 7 and 8. In some embodiments, vy 1s, independently for
each occurrence, an 1integer selected from 0, 1, 2,3, 4, 5,6, 7,
8,9,10,11, 12,13, 14,15, 16, 17, 18, 19, and 20. In certain
embodiments, for at least one chain residue, v 1s an integer
selected from 7 and 8. In some embodiments, for at least one
chain residue, v 1s an mteger selected from O to 6, or 1 and 2.
In certain embodiments, y 1s, independently for each occur-
rence, an integer selected from 1 to 6, or 1 and 2. In certain
embodiments, y 1s O.

In some embodiments, x+y 1s, mndependently for each
chain, an integer selected from O to 40, 0 to 20, 10 to 20, or 12
to 18. In some embodiments, x+y 1s, independently for each
chain, an integer selected from 13 to 15. In some embodi-
ments, Xx+y 1s 15. In some embodiments, x+y 1s, indepen-
dently for each chain, an iteger selected from 6, 7, §, 9, 10,
11,12, 13,14, 15,16, 17, 18, 19, 20, 21, 22, 23, and 24.

In some embodiments, the estolide compound of Formula
I or Il may comprise any number of fatty acid residues to form
an “n-mer” estolide. For example, the estolide may be 1n 1ts
dimer (n=0), trimer (n=1), tetramer (n=2), pentamer (n=3),
hexamer (n=4), heptamer (n=35), octamer (n=6), nonamer
(n=7), or decamer (n=8) form. In some embodiments, n 1s an
integer selected from 0 to 20,010 18,010 16,0t0 14,010 12,
0to 10, 0to 8, or O to 6. In some embodiments, n 1s an integer
selected from O to 4. In some embodiments, n 1s 0 or greater
than 0. In some embodiments, n1s 1, wherein said at least one
compound of Formula I or II comprises the trimer. In some
embodiments, n 1s greater than 1. In some embodiments, n 1s
an mteger selected from 0, 1, 2, 3,4, 5,6,7,8,9, 10, 11, 12,
13, 14, 15,16, 17, 18, 19, and 20.

In some embodiments, R, of Formulalor Il 1s an optionally
substituted alkyl that 1s saturated or unsaturated, and
branched or unbranched. In some embodiments, the alkyl
groupisaC, to C ,alkyl, C, to C,, alkyl or C, to C, ; alkyl. In
some embodiments, the alkyl group 1s selected from C, to C, ;
alkyl. In some embodiments, R, 1s selected from C, alkyl, C,
alkyl, C,, alkyl, C,, alkyl, C, ; alkyl, and C, , alkyl. In some
embodiments, R, 1s selected from C, ; to C,, alkyl, such as
from C,, alkyl, C, alkyl, and C,, alkyl. In some embodi-
ments, R, 1saC,,C,,C,,C,,C.,Ci,C,, Cy, Co, Ci 0, C 1, C, 5,
Cia, Ciay Cis8, Crg, Ci7, G, Cros Cop, Gy, 01 Gy alkyl. In
certain embodiments, R, 1s saturated. In certain embodi-
ments, R, 1s unbranched.
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In some embodiments, R, of FormulaI or I11s an optionally
substituted alkyl that 1s saturated or unsaturated, and
branched or unbranched. In some embodiments, the alkyl
groupis a(C, to C ,alkyl, C, to C,, alkyl orC, to C, ;alkyl. In
some embodiments, the alkyl group 1s selected from C, to C, ;
alkyl. In some embodiments, the alkyl group 1s selected from
Cqto C,, alkyl. In some embodiments, R, 1s selected from C,
alkyl, C, alkyl, C,, alkyl, C,, alkyl, C, < alkyl, and C, 5 alkyl.
In some embodiments, R, 1s selected from C,, to C,, alkyl,
such as from C,, alkyl, C,; alkyl, and C,- alkyl. In some
embodiments, R,1sa C,, C,, C,, C,, C_, C,, C,, Cq, Cg, C 0.,
Cr1 €2 Cr3, Cpg, G5, Cr, Crg, Gy Crop Cap, Gy, 01 Gy
alkyl. In certain embodiments, R, 1s saturated. In certain
embodiments, R, 1s branched.

In some embodiments, R, 1s an optionally substituted alkyl
that 1s saturated or unsaturated, and branched or unbranched.
In some embodiments, the alkyl group 1s aC, to C,, alkyl, C,
to C,, alkyl or C, to C,, alkyl. In some embodiments, the
alkyl group 1s selected from C, to C, 5 alkyl. In some embodi-
ments, R, 1s selected from C, alkyl, C, alkyl, C,, alkyl, C,,
alkyl, C,; alkyl, and C, , alkyl. In some embodiments, R, 1s
selected from C, ; to C, alkyl, such as from C,, alkyl, C, -
alkyl, and C, ; alkyl. In some embodiments, R,1saC,,C,, C;,
C4: CS: C6: CT: CS: CQ: ClD: Cl 19 ClZ: C13: C14: ClS: Clﬁ: Cl‘?:
Cis, Cros Cops Cyy, 01 Cy; alkyl

In some embodiments, R, 1s an optionally substituted alkyl
that 1s saturated or unsaturated, and branched or unbranched.
In some embodiments, the alkyl group 1s aC, to C,, alkyl, C,
to C,, alkyl or C, to C,, alkyl. In some embodiments, the
alkyl group 1s selected from C,, to C, ; alkyl. In some embodi-
ments, R, 1s selected from C, alkyl, C, alkyl, C,, alkyl, C,,
alkyl, C, < alkyl, and C, ; alkyl. In some embodiments, R, 1s
selected from C, ; to C,, alkyl, such as from C,; alkyl, C, .
alkyl, and C, 5 alkyl. In some embodiments, R, 1saC,, C,, C;,
Cu Cs, G, G, Gy, G, G, €115, €, G5, Gy, €5, Co, Gy 5,
Cis, Cros Caps Cyy, 01 Cy; alkyl

As noted above, 1n certain embodiments, 1t may be possible
to manipulate one or more of the estolides’ properties by
altering the length of R, and/or 1ts degree of saturation. How-
ever, 1n certain embodiments, the level of substitution on R,
may also be altered to change or even improve the estolides’
properties. Without being bound to any particular theory, in
certain embodiments, 1t 1s believed that the presence of polar
substituents on R, such as one or more hydroxy groups, may
increase the viscosity of the estolide, while increasing pour
point. Accordingly, in some embodiments, R, will be unsub-
stituted or optionally substituted with a group that 1s not
hydroxyl.

In some embodiments, the estolide 1s 1n 1ts free-acid form,
wherein R, of Formula I or 11 1s hydrogen. In some embodi-
ments, R, 1s selected from optionally substituted alkyl that 1s
saturated or unsaturated, and branched or unbranched. In
certain embodiments, the R, residue may comprise any
desired alkyl group, such as those derived from esterification
of the estolide with the alcohols identified 1n the examples
herein. In some embodiments, the alkyl group i1s selected
fromC, toC,,, C, 10 C,,, C;t0 C,,, C, to C,q,0or C, to C,,
alkyl. In some embodiments, R, may be selected from C,
alkyl, C, alkyl, C, alkyl, C,, alkyl, C, . alkyl, C, alkyl, and
C,, alkyl. For example, in certain embodiments, R, may be
branched, such as 1sopropyl, isobutyl, or 2-ethylhexyl. In
some embodiments, R, may be a larger alkyl group, branched
or unbranched, comprising C, , alkyl, C, ; alkyl, C, ; alkyl, or
C,, alkyl. Such groups atthe R, position may be derived from
esterification of the free-acid estolide using the Jarcol™ line
of alcohols marketed by Jarchem Industries, Inc. of Newark,

N.I., including Jarcol™ [-18CG, 1-20, I-12, I-16, I-18T, and
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85BJ. Insome cases, R, may be sourced from certain alcohols
to provide branched alkyls such as 1sostearyl and 1sopalmityl.
It should be understood that such 1sopalmityl and 1sostearyl
alkyl groups may cover any branched variation of C, . and
C,q, respectively. For example, the estolides described herein
may comprise highly-branched isopalmityl or isostearyl
groups at the R, position, derived from the Fineoxocol® line
ol 1sopalmityl and 1sostearyl alcohols marketed by Nissan
Chemical America Corporation of Houston, Tex., including
Fineoxocol® 180, 180N, and 1600. Without being bound to
any particular theory, in certain embodiments, large, highly-
branched alkyl groups (e.g., 1sopalmityl and 1sostearyl) at the
R, position of the estolides can provide at least one way to
increase an estolide-containing composition’s viscosity,
while substantially retaining or even reducing its pour point.

In some embodiments, the compounds described herein
may comprise a mixture of two or more estolide compounds
of Formula I or II. It 1s possible to characterize the chemical
makeup of an estolide, a mixture of estolides, or a composi-
tion comprising estolides, by using the compound’s, mix-
ture’s, or composition’s measured estolide number (EN) of

compound or composition. The EN represents the average
number of fatty acids added to the base fatty acid. The EN also

represents the average number of estolide linkages per mol-
ecule:

EN=#n+1

wherein n 1s the number of secondary (3) fatty acids. Accord-
ingly, a single estolide compound will have an EN that 1s a
whole number, for example for dimers, trimers, and tetram-
ers:

dimer EN=1

trimer EN=2

tetramer EN=3

However, a composition comprising two or more estolide
compounds may have an EN that 1s a whole number or a
fraction of a whole number. For example, a composition
having a 1:1 molar ratio of dimer and trimer would have an
EN of 1.5, while a composition having a 1:1 molar ratio of
tetramer and trimer would have an EN of 2.5.

In some embodiments, the compositions may comprise a
mixture of two or more estolides having an EN that 1s an
integer or fraction of an integer that 1s greater than 4.5, oreven
5.0. In some embodiments, the EN may be an integer or
fraction of an integer selected from about 1.0 to about 3.0. In
some embodiments, the EN 1s an integer or fraction of an
integer selected from 1.2 to about 4.3. In some embodiments,
the EN 1s selected from a value greater than 1.0,1.2, 1.4, 1.6,
1.8,2.0,2.2,24,2.6,2.8,3.0,3.2,34,3.6,3.8,4.0,4.2,44,
4.6,4.8,5.0,5.2,54, 5.6 and 5.8. In some embodiments, the
EN isselected from a valuelessthan1.2,1.4,1.6,1.8,2.0,2.2,
2.4,2.6,2.8,3.0,3.2,3.4,3.6,38,4.0,42,4.4,4.6,4.8, and
5.0,5.2,5.4,5.6,5.8, and 6.0. In some embodiments, the EN
1s selected from 1,1.2,1.4,1.6,1.8,2.0,2.2, 2.4, 2.6, 2.8, 3.0,
3.2,34,3.6,38,4.0,4.2,44,4.6,4.8,5.0,5.2,5.4,5.6,3.8,
and 6.0.

As noted above, 1t should be understood that the chains of
the estolide compounds may be independently optionally
substituted, wherein one or more hydrogens are removed and
replaced with one or more of the substituents identified
herein. Similarly, two or more of the hydrogen residues may
be removed to provide one or more sites of unsaturation, such
as a cis or trans double bond. Further, the chains may option-
ally comprise branched hydrocarbon residues. For example,
in some embodiments the estolides described herein may
comprise at least one compound of Formula II:
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\
OR>
wherein

m 1s an integer equal to or greater than 1;

n 1s an iteger equal to or greater than O;

R,, mndependently for each occurrence, 1s an optionally
substituted alkyl that 1s saturated or unsaturated, and
branched or unbranched;

R, 1s selected from hydrogen and optionally substituted
alkyl that 1s saturated or unsaturated, and branched or
unbranched; and

R, and R ;, independently for each occurrence, are selected
from optionally substituted alkyl that 1s saturated or
unsaturated, and branched or unbranched.

In certain embodiments, mi1s 1. In some embodiments, m 1s
an mteger selected from 2, 3, 4, and 5. In some embodiments,
n 1s an iteger selected from 1,2,3,4, 5,6,7,8,9, 10,11, and
12. In some embodiments, one or more R, differs from one or
more other R 1n a compound of Formula II. In some embodi-
ments, one or more R, differs from R, 1n a compound of
Formula II. In some embodiments, 1f the compounds of For-
mula II are prepared from one or more polyunsaturated fatty
acids, 1t 1s possible that one or more of R ; and R, will have one
or more sites of unsaturation. In some embodiments, it the

compounds of Formula II are prepared from one or more
branched fatty acids, 1t 1s possible that one or more of R, and
R, will be branched.

In some embodiments, R; and R, can be CH;(CH,),CH
(CH,).—, where x 1s, independently for each occurrence, an
integer selected from 0, 1, 2,3,4,5,6,7,8,9,10,11, 12,13,
14,15,16,17,18, 19, and 20, and vy 1s, independently for each
occurrence, an integer selected from 0, 1, 2,3,4,5,6,7, 8, 9,
10, 11,12, 13, 14, 15,16, 17, 18, 19, and 20. Where both R,
and R, are CH;(CH,),CH(CH,),—, the compounds may be
compounds according to Formula I and I11I.

Without being bound to any particular theory, 1n certain
embodiments, altering the EN produces estolide-containing
compositions having desired viscometric properties while
substantially retaiming or even reducing pour point. For
example, 1n some embodiments the estolides exhibit a
decreased pour point upon increasing the EN value. Accord-
ingly, in certain embodiments, a method 1s provided for
retaining or decreasing the pour point of an estolide base o1l
by increasing the EN of the base o1l, or a method 1s provided
for retaining or decreasing the pour point of a composition
comprising an estolide base o1l by increasing the EN of the
base o1l. In some embodiments, the method comprises:
selecting an estolide base o1l having an 1mitial EN and an
initial pour point; and removing at least a portion of the base
o1l, said portion exhibiting an EN that 1s less than the mitial
EN of the base oi1l, wherein the resulting estolide base o1l
exhibits an EN that 1s greater than the mnitial EN of the base
o1l, and a pour point that 1s equal to or lower than the 1nitial
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pour point of the base o1l. In some embodiments, the selected
estolide base o1l 1s prepared by oligomerizing at least one first
unsaturated fatty acid with at least one second unsaturated
fatty acid and/or saturated fatty acid. In some embodiments,
the removing at least a portion of the base o1l or a composition
comprising two or more estolide compounds 1s accomplished
by use of at least one of distillation, chromatography, mem-
brane separation, phase separation, aflinity separation, and
solvent extraction. In some embodiments, the distillation
takes place at a temperature and/or pressure that 1s suitable to
separate the estolide base o1l or a composition comprising two
or more estolide compounds into different “cuts” that 1ndi-
vidually exhibit different EN values. In some embodiments,
this may be accomplished by subjecting the base o1l or a
composition comprising two or more estolide compounds to
a temperature of at least about 250° C. and an absolute pres-
sure of no greater than about 25 microns. In some embodi-
ments, the distillation takes place at a temperature range of
about 250° C. to about 310° C. and an absolute pressure range
of about 10 microns to about 25 microns.

In some embodiments, estolide compounds and composi-
tions exhibit an EN that 1s greater than or equal to 1, such as
an 1nteger or fraction of an integer selected from about 1.0 to
about 2.0. In some embodiments, the EN 1s an integer or
fraction of an integer selected from about 1.0 to about 1.6. In
some embodiments, the EN 1s a fraction of an integer selected
from about 1.1 to about 1.5. In some embodiments, the EN 1s
selected from a value greater than 1.0, 1.1,1.2,1.3,1.4, 1.5,
1.6, 1.7, 1.8, and 1.9. In some embodiments, the EN 1s
selected from a valuelessthan 1.1,1.2,1.3,1.4,1.5,1.6,1.7,
1.8, 1.9, and 2.0.

In some embodiments, the EN 1s greater than or equal to
1.5, such as an mteger or fraction of an integer selected from
about 1.8 to about 2.8. In some embodiments, the EN 1s an
integer or fraction of an integer selected from about 2.0 to
about 2.6. In some embodiments, the EN 1s a fraction of an
integer selected from about 2.1 to about 2.5. In some embodi-
ments, the EN 1s selected from a value greater than 1.8, 1.9,
2.0,2.1,2.2,2.3,2.4,2.5,2.6,and 2.7. In some embodiments,
the EN 1s selected from a value less than 1.9, 2.0, 2.1, 2.2, 2.3,
2.4, 2.5, 2.6, 2.7, and 2.8. In some embodiments, the EN 1s
about 1.8, 2.0, 2.2, 2.4, 2.6, or 2.8.

In some embodiments, the EN 1s greater than or equal to
about 4, such as an 1nteger or fraction of an integer selected
from about 4.0 to about 5.0. In some embodiments, the EN 1s
a fraction of an integer selected from about 4.2 to about 4.8. In
some embodiments, the EN 1s a fraction of an integer selected
from about 4.3 to about 4.7. In some embodiments, the EN 1s
selected from a value greater than 4.0, 4.1,4.2, 4.3, 4.4, 4.5,
4.6, 4.7, 4.8, and 4.9. In some embodiments, the EN 1s
selected from a value less than 4.1,4.2,4.3,4.4,4.5,4.6, 4.7,
4.8, 4.9, and 5.0. In some embodiments, the EN 1s about 4.0,
4.2,44,4.6,4.8,0r5.0.

In some embodiments, the EN 1s greater than or equal to
about 5, such as an 1nteger or fraction of an integer selected
from about 5.0 to about 6.0. In some embodiments, the EN 1s
a fraction of an integer selected from about 5.2 to about 5.8. In
some embodiments, the EN 1s a fraction of an integer selected
from about 5.3 to about 5.7. In some embodiments, the EN 1s
selected from a value greater than 5.0, 5.1, 5.2, 5.3, 5.4, 5.5,
5.6, 5.7, 5.8, and 5.9. In some embodiments, the EN 1is
selected from a value less than 5.1, 5.2,5.3,5.4,5.5,5.6,5.7,
5.8, 5.9, and 6.0. In some embodiments, the EN is about 5.0,
5.2,54,54,5.6,5.8,0r6.0.

In some embodiments, the EN 1s greater than or equal to 1,
such as an integer or fraction of an integer selected from about
1.0 to about 2.0. In some embodiments, the EN 1s less than or
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equal to 2, such as an integer or fraction of an integer selected
from about 1.0 to about 2.0. In some embodiments, the EN 1s
less than or equal to 1.8 or even 1.5, such as an integer or
fraction of an integer selected from about 1.0 to about 1.5. In
some embodiments, the EN 1s a fraction of an integer selected
from about 1.1 to about 1.7. In some embodiments, the EN 1s
a Iraction of an integer selected from about 1.1 to about1.5. In
some embodiments, the EN 1is selected from a value greater
than 1.0, 1.1, 1.2, 1.3,1.4,1.5,1.6,1.7,1.8, or 1.9. In some
embodiments, the EN 1s selected from a value less than 1.2,
13,14,1.5,1.6,1.7,1.8,1.9, or 2.0. In some embodiments,
the EN1sabout1.0,1.2,1.4,1.6, 1.8, or 2.0. In some embodi-
ments, the EN 1s greater than or equal to 1, such as an integer
or fraction of an integer selected from about 1.2 to about 2.2.
In some embodiments, the EN 1s an integer or fraction of an
integer selected from about 1.4 to about 2.0. In some embodi-
ments, the EN 1s a fraction of an integer selected from about

1.5 to about 1.9. In some embodiments, the EN 1s selected
from a value greater than 1.0, 1.1. 1.2,1.3,1.4,1.5, 1.6, 1.7,

1.8, 1.9, 2.0, and 2.1. In some embodiments, the EN 1s
selected from a value lessthan 1.2, 1.3,1.4,1.5,1.6,1.7, 1.8,
1.9,2.0,2.1, and 2.2. In some embodiments, the EN 1s about
1.0,1.2,14,1.6,1.8,2.0,0r2.2.

In some embodiments, the EN 1s greater than or equal to 2,
such as an integer or fraction of an integer selected from about
2.8 to about 3.8. In some embodiments, the EN 1s an integer
or fraction of an integer selected from about 2.9 to about 3.5.
In some embodiments, the EN 1s an integer or fraction of an
integer selected from about 3.0 to about 3.4. In some embodi-
ments, the EN 1s selected from a value greater than 2.0, 2.1,
2.2,24,25,2.6,2.77,28,2.9,3.0,3.1,34,3.5,3.6,and 3.7.
In some embodiments, the EN 1s selected from a value less
than 2.2,2.3,2.4,2.5,2.6,2.7,2.8,2.9,3.0,3.1,3.2,3.3,3 4,
3.5,3.6,3.7, and 3.8. In some embodiments, the EN 1s about
2.0,2.2,24,2.6,2.8,3.0,3.2,3.4,3.6,0r3.8.

Typically, base stocks and estolide-containing composi-
tions exhibit certain lubricity, viscosity, and/or pour point
characteristics. For example, 1n certain embodiments, the
base oils, compounds, and compositions may exhibit viscosi-
ties that range from about 10 ¢St to about 250 ¢St at 40° C.,
and/or about 3 ¢St to about 30 ¢St at 100° C. In some embodi-
ments, the base oils, compounds, and compositions may
exhibit viscosities within a range from about 50 ¢St to about
150 ¢St at 40° C., and/or about 10 ¢St to about 20 ¢St at 100°
C.

In some embodiments, the estolide compounds and com-
positions may exhibit viscosities less than about 55 ¢St at 40°
C. or less than about 45 ¢St at 40° C., and/or less than about
12 ¢St at 100° C. or less than about 10 ¢St at 100° C. In some
embodiments, the estolide compounds and compositions may
exhibit viscosities within a range from about 25 ¢St to about
55 ¢St at 40° C., and/or about 5 ¢St to about 11 ¢St at 100° C.
In some embodiments, the estolide compounds and compo-
sitions may exhibit viscosities within a range from about 35
cStto about 45 ¢cStat40° C., and/or about 6 cStto about 10 ¢St
at 100° C. In some embodiments, the estolide compounds and
compositions may exhibit viscosities within a range from
about 38 ¢St to about 43 ¢St at 40° C., and/or about 7 ¢St to
about 9 ¢St at 100° C.

In some embodiments, the estolide compounds and com-
positions may exhibit viscosities less than about 120 ¢St at
40° C. or less than about 100 ¢St at 40° C., and/or less than
about 18 ¢St at 100° C. or less than about 17 ¢St at 100° C. In
some embodiments, the estolide compounds and composi-
tions may exhibit a viscosity within a range from about 70 ¢St
to about 120 ¢St at 40° C., and/or about 12 ¢St to about 18 ¢St
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compositions may exhibit viscosities within a range from
about 80 ¢St to about 100 ¢St at 40° C., and/or about 13 ¢St to
about 17 ¢St at 100° C. In some embodiments, the estolide
compounds and compositions may exhibit viscosities within
a range from about 85 ¢St to about 95 ¢St at 40° C., and/or
about 14 ¢St to about 16 ¢St at 100° C.

In some embodiments, the estolide compounds and com-
positions may exhibit viscosities greater than about 180 ¢St at
40° C. or greater than about 200 ¢St at 40° C., and/or greater
than about 20 ¢St at 100° C. or greater than about 25 ¢St at
100° C. In some embodiments, the estolide compounds and
compositions may exhibit a viscosity within a range from
about 180 ¢St to about 230 ¢St at 40° C., and/or about 25 ¢St
to about 31 ¢St at 100° C. In some embodiments, the estolide
compounds and compositions may exhibit viscosities within
a range from about 200 ¢St to about 250 ¢St at 40° C., and/or
about 25 ¢St to about 35 ¢St at 100° C. In some embodiments,
the estolide compounds and compositions may exhibit vis-
cosities within a range from about 210 ¢St to about 230 ¢St at
40° C., and/or about 28 ¢St to about 33 ¢St at 100° C. In some
embodiments, the estolide compounds and compositions may
exhibit viscosities within a range from about 200 ¢St to about
220 ¢St at 40° C., and/or about 26 ¢St to about 30 ¢St at 100°
C. In some embodiments, the estolide compounds and com-

positions may exhibit viscosities within a range from about
205 cSttoabout 215 cStat40° C., and/or about 27 ¢St to about

29 ¢St at 100° C.

In some embodiments, the estolide compounds and com-
positions may exhibit viscosities less than about 45 ¢St at 40°
C. or less than about 38 ¢St at 40° C., and/or less than about
10 ¢St at 100° C. or less than about 9 ¢St at 100° C. In some
embodiments, the estolide compounds and compositions may
exhibit a viscosity within a range from about 20 ¢St to about
45 ¢St at 40° C., and/or about 4 ¢St to about 10 ¢St at 100° C.
In some embodiments, the estolide compounds and compo-
sitions may exhibit viscosities within a range from about 28
cSt to about 38 ¢St at 40° C., and/or about 5 ¢St to about 9 ¢St
at 100° C. In some embodiments, the estolide compounds and
compositions may exhibit viscosities within a range from
about 30 ¢St to about 35 ¢St at 40° C., and/or about 6 ¢St to
about 8 ¢St at 100° C.

In some embodiments, the estolide compounds and com-
positions may exhibit viscosities less than about 80 ¢St at 40°
C. or less than about 70 ¢St at 40° C., and/or less than about
14 ¢St at 100° C. or less than about 13 ¢St at 100° C. In some
embodiments, the estolide compounds and compositions may
exhibit a viscosity within a range from about 50 ¢St to about
80 ¢St at 40° C., and/or about 8 ¢St to about 14 ¢St at 100° C.
In some embodiments, the estolide compounds and compo-
sitions may exhibit viscosities within a range from about 60
cSt to about 70 cStat 40° C., and/or about 9 ¢cStto about 13 ¢St
at 100° C. In some embodiments, the estolide compounds and
compositions may exhibit viscosities within a range from
about 63 ¢St to about 68 ¢St at 40° C., and/or about 10 ¢St to
about 12 ¢St at 100° C.

In some embodiments, the estolide compounds and com-
positions may exhibit viscosities greater than about 120 ¢St at
40° C. or greater than about 130 ¢St at 40° C., and/or greater
than about 15 ¢St at 100° C. or greater than about 18 ¢St at
100° C. In some embodiments, the estolide compounds and
compositions may exhibit a viscosity within a range from
about 120 ¢St to about 150 ¢St at 40° C., and/or about 16 ¢St
to about 24 ¢St at 100° C. In some embodiments, the estolide
compounds and compositions may exhibit viscosities within
a range from about 130 ¢St to about 160 ¢St at 40° C., and/or
about 17 ¢St to about 28 ¢St at 100° C. In some embodiments,
the estolide compounds and compositions may exhibit vis-
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cosities within arange from about 130 ¢St to about 145 ¢St at
40° C., and/or about 17 ¢St to about 23 ¢St at 100° C. In some
embodiments, the estolide compounds and compositions may
exhibit viscosities within a range from about 135 ¢St to about
140 ¢St at 40° C., and/or about 19 ¢St to about 21 ¢St at 100°
C. In some embodiments, the estolide compounds and com-
positions may exhibit viscosities of about 1, 2,3, 4,5, 6,7, 8,
0,10,11,12,13,14,15,16,17,18, 19, 20, 21, 22, 23, 24, 23,
26,27,28,29,30,32,34,36,38,40,42, 44,46, 48, 50, 55, 60,
65,770,735, 80, 85, 90, 95, 100, 110, 120, 130, 140, 150, 160,
170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280,
290, 300, 350, or 400 cSt. at 40° C. In some embodiments, the
estolide compounds and compositions may exhibit viscosi-
tiesofabout1,2,3,4,5,6,7,8,9,10,11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, and 30 ¢St at
100° C.

In some embodiments, the estolide compounds and com-
positions may exhibit viscosities less than about 200, 250,
300, 350, 400, 450, 500, or 550 ¢St at 0° C. In some embodi-
ments, the estolide compounds and compositions may exhibit
a viscosity within a range from about 200 ¢St to about 250 ¢St
at 0° C. In some embodiments, the estolide compounds and
compositions may exhibit a viscosity within a range from
about 250 ¢St to about 300 ¢St at 0° C. In some embodiments,
the estolide compounds and compositions may exhibit a vis-
cosity within a range from about 300 ¢St to about 350 ¢St at
0° C. In some embodiments, the estolide compounds and
compositions may exhibit a viscosity within a range from
about 350 ¢St to about 400 ¢St at 0° C. In some embodiments,
the estolide compounds and compositions may exhibit a vis-
cosity within a range from about 400 ¢St to about 450 ¢St at
0° C. In some embodiments, the estolide compounds and
compositions may exhibit a viscosity within a range from
about 450 ¢St to about 500 ¢St at 0° C. In some embodiments,
the estolide compounds and compositions may exhibit a vis-
cosity within a range from about 500 ¢St to about 550 ¢St at
0° C. In some embodiments, the estolide compounds and
compositions may exhibit viscosities of about 100, 123, 130,
175, 200, 225, 250, 275, 300, 325, 350, 375, 400, 425, 430,
475, 500, 525, or 550 ¢St at 0° C.

In some embodiments, estolide compounds and composi-
tions may exhibit desirable low-temperature pour point prop-
erties. In some embodiments, the estolide compounds and
compositions may exhibit a pour point lower than about —20°
C., about =25°C., about -35° C., -40° C., or even about -50°
C. In some embodiments, the estolide compounds and com-
positions have a pour point of about -25° C. to about -45° C.

In some embodiments, the pour point falls within a range of
about =30° C. to about —40° C., about -34° C. to about —38°

C., about =30° C. to about —-45° C., =35° C. to about —-45° C.,
34° C. to about -42° C., about -38° C. to about —-42° C., or
about 36° C. to about —-40° C. In some embodiments, the pour
point falls within the range of about -27° C. to about -37° C.,
or about =30° C. to about -34° C. In some embodiments, the
pour point falls within the range of about —25° C. to about
-35° C., or about -28° C. to about =32° C. In some embodi-
ments, the pour point falls within the range of about -28° C.
to about =38° C., or about =31° C. to about =35° C. In some
embodiments, the pour point falls within the range of about
-31° C. to about -41° C., or about —=34° C. to about -38° C.
In some embodiments, the pour point falls within the range of
about —40° C. to about -50° C., or about —42° C. to about
—-48° C. In some embodiments, the pour point falls within the
range of about —50° C. to about -60° C., or about -52° C. to
about -58° C. In some embodiments, the upper bound of the
pour point 1s less than about -335° C., about -36° C., about
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-41°C.,about -42° C., about =43° C., about -44° C., or about
—-45° C. In some embodiments, the lower bound of the pour
point 1s greater than about —70° C., about -69° C., about -68°
C., about =67° C., about -66° C., about -65° C., about —64°
C., about —63° C., about -62° C., about -61° C., about -60°
C., about =59° C., about -58° C., about -57° C., about -56°
C.,=-55°C.,about -54° C., about =53° C., about -52°C., =51,
about =50° C., about —-49° C., about —48° C., about —47° C.,
about —46° C., or about —45° C.

In addition, 1n certain embodiments, the estolides may
exhibit decreased Iodine Values (IV) when compared to
estolides prepared by other methods. IV 1s a measure of the
degree of total unsaturation of an oil, and 1s determined by
measuring the amount of 1odine per gram of estolide (cg/g). In
certain instances, oils having a higher degree of unsaturation
may be more susceptible to creating corrosiveness and depos-
its, and may exhibit lower levels of oxidative stability. Com-
pounds having a higher degree of unsaturation will have more
points of unsaturation for 10dine to react with, resulting in a
higher IV. Thus, 1n certain embodiments, it may be desirable
to reduce the IV of estolides 1n an effort to increase the o1l’s
oxidative stability, while also decreasing harmiul deposits
and the corrosiveness of the oil.

In some embodiments, estolide compounds and composi-
tions described herein have an IV of less than about 40 cg/g or
less than about 35 cg/g. In some embodiments, estolides have
an IV of less than about 30 cg/g, less than about 25 cg/g, less
than about 20 cg/g, less than about 15 cg/g, less than about 10
cg/g, or less than about 5 cg/g. In some embodiments,
estolides have an IV of about O cg/g. The IV of a composition
may be reduced by decreasing the estolide’s degree of unsat-
uration. This may be accomplished by, for example, by
increasing the amount of saturated capping materials relative
to unsaturated capping materials when synthesizing the
estolides. Alternatively, in certain embodiments, IV may be
reduced by hydrogenating estolides having unsaturated caps.

In some embodiments, the estolide compounds described
herein may be usetul as base o1l 1 lubricant compositions,
such as engine o1l formulations. In certain embodiments, the
estolide base o1l comprises greater than 0% to about 95% by

weight of the overall composition, such as about 5% to about
90%, about 5% to about 85%, about 10% to about 75%, about

10% to about 50%, about 15% to about 65%, about 20% to
about 55%, about 25% to about 60%, about 25% to about
55%, about 25% to about 40%, about 30% to about 40%,
about 30% to about 45%, about 32% to about 38%, or even
about 33% to about 36% by weight of the composition. In
certain embodiments, the estolide base o1l comprises at least
25% by weight of the composition.

In certain embodiments, the composition further com-
prises at least one non-estolide base oil. In certain embodi-
ments, the at least one non-estolide base o1l 1s selected from a
mineral o1l, a synthetic o1l, or a semi-synthetic oil. Exemplary
mineral oils include, but are not limited to, base stocks
referred to as Group I (solvent refined mineral o1ls) and Group
II (hydro cracked mineral oils) oils. Exemplary semi-syn-
thetic oils 1nclude, but are not limited to, Group III (severely
hydro cracked o1l) o1ls. Exemplary synthetic o1ls include, but
are not limited to, esters, polyolefins, and naphthenes. In
certain embodiments, the at least one non-estolide comprises
greater than 0% to about 95% by weight of the overall com-
position, such as about 5% to about 85%, about 10% to about
75%, about 15% to about 70%, about 15% to about 65%,
about 20% to about 55%, about 25% to about 55%, about 30%
to about 65%, about 30% to about 45%, about 40% to about
55%, or even about 32% to about 38% by weight of the
composition.
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In certain embodiments, the at least one non-estolide base
o1l 1s amineral o1l. Exemplary mineral o1ls include, but are not
limited to, white mineral o1ls, paratfinic oils, and naphthenic
oils, such as Group I and Group II paratlinic oils

In certain embodiments, the composition comprises a syn-
thetic o1l selected from one or more of hydrocarbon oils and
halo-substituted hydrocarbon oi1ls such as polymerized and
interpolymerized olefins (e.g., polybutylenes, polypropy-
lenes, propylene-1sobutylene copolymers, chlorinated poly-
butylenes, poly(1-octenes), or poly(1-decenes)); alkylben-
zenes  (e.g., dodecylbenzenes, tetradecylbenzenes,
dinonylbenzenes, or di-(2-ethylhexyl)benzenes); polyphe-
nyls (e.g., biphenyls, terphenyls, or alkylated polyphenyl),
alkylated diphenyl ethers, alkylated diphenyl sulfides, and the
derivatives, analogs or homologs thereof. In certain embodi-
ments, the synthetic o1l 1s a polyalphaolefin (PAQO). Exem-
plary PAOs include, but are not limited to, PAO2, PAOA4,
PAO6, PAOS, PAO9, PAO10, PAO40, and PAO100.

In certain embodiments, the synthetic o1l comprises one or
more alkylene oxide polymers and interpolymers and deriva-
tives thereol, wherein the terminal hydroxyl groups have been
modified by esterification or etherification. Exemplary oils
may be prepared through polymerization of ethylene oxide or
propylene oxide, the alkyl and aryl ethers of these polyoxy-
alkylene polymers (e.g., methylpolyisopropylene glycol
ether having an average molecular weight of about 1000,
diphenyl ether of polyethylene glycol have a molecular
weight of about 500 to about 1000, diethyl ether of polypro-
pylene glycol having a molecular weight of about 1000 to
about 1500), or mono- and polycarboxylic esters thereof, for
example, acetic acid esters, mixed C,-C, fatty acid esters, or
diesters of tetracthylene glycol.

In certain embodiments, the synthetic o1l 1s a non-estolide
ester. Exemplary esters include, but are not limited to, esters
of dicarboxylic acids (e.g., phthalic acid, succinic acid, alkyl
succinic acids and alkenyl succinic acids, maleic acid, azelaic
acid, suberic acid, sebacic acid, fumaric acid, adipic acid, or
alkenyl malonic acids) with any suitable alcohol (e.g., butyl
alcohol, hexyl alcohol, dodecyl alcohol, 2-ethylhexyl alco-
hol, ethylene glycol, diethylene glycol monoether, or propy-
lene glycol). Exemplary esters include dibutyl adipate, di(2-
cthylhexyl) sebacate, di-hexyl fumarate, dioctyl sebacate,
duisooctyl azelate, diisodecyl azealate, dioctyl phthalate,
didecyl phthalate, dicicosyl sebacate, the 2-ethylhexyl diester
of linoleic acid dimer, and the complex ester formed by react-
ing one mole of sebacic acid with two moles of tetracthylene
glycol and two moles of 2-ethylhexanoic acid.

In certain embodiments, the synthetic o1l 1s a polyol ester
made from one or more esters dertved from C; to C, , mono-
carboxylic acids and polyols and polyol ethers such as neo-
pentyl glycol, trimethylolpropane, pentaerythritol, dipen-
taerythritol, and tripentaerythritol. Other synthetic oils
include liquid esters of phosphorus-containing acids (e.g.,
tricresyl phosphate, trioctyl phosphate, and the diethyl ester
ol decylphosphonic acid), and polymeric tetrahydrofurans.

In certain embodiments, the at least one non-estolide base
o1l 1s a semi-synthetic oil. In certain embodiments, the semi-
synthetic o1l 1s a mineral o1l that has been subjected to hydro-
genation or hydrocracking under special conditions to
remove, ¢.g., undesirable chemical compositions and 1impu-
rities to provide a base o1l having synthetic o1l components
and properties. In certain embodiments, the semi-synthetic
o1l 1s a Group III petroleum base o1l. In certain embodiments,
the Group III o1l has a sulfur level less than 0.03%, with
saturates greater than or equal to 90% and a viscosity index of
greater than or equal to 120. Exemplary Group III oils
include, but are not limited to, the Yubase® line of products
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marketed by SK Lubricants Co., Ltd., such as Yubase 4,
Yubase 5, Yubase 6, and Yubase 8.

In certain embodiments, the composition comprises one or
more estolide compounds and a lubricant additive package
containing one or more additional additives. Exemplary addi-
tive packages may include one or more components selected
from solvents, viscosity mndex improvers, corrosion inhibi-
tors, oxidation mhibitors, dispersants, lube o1l flow 1mprov-
ers, detergents and rust inhibitors, pour point depressants,
anti-foaming agents, antiwear agents, seal swellants, or fric-
tion modifiers.

In some cases, dissolution of the additives into the base o1l
may be facilitated by solvents and by mixing accompanied
with mild heating. In some embodiments, the compositions
described herein can employ greater than 0 wt. % up to about
95 wt. % of the additive package, with the remainder being the
estolide base o1l. In some embodiments, the estolide base o1l
may comprise from about 1 to about 95 wt. %, about 10 to
about 80 wt. %, about 25 to about 75 wt. %, about 30 to about
60 wt. %, or about 40 to about 50 wt. % of the composition.

Unless otherwise indicated, all of the weight percentages
expressed herein 1s based on the content of the overall com-
position, which will be the sum of the additives plus the
weilght of the base o1l(s).

In certain embodiments, the composition comprises at
least one corrosion inhibitor. Corrosion inhibitors, also
known as anti-corrosive agents, reduce the degradation of the
metallic parts contacted by the lubricating o1l composition.
Illustrative of corrosion inhibitors are phosphosuliurized
hydrocarbons and the products obtained by reaction of a
phosphosulturized hydrocarbon with an alkaline earth metal
oxide or hydroxide, optionally 1n the presence of an alkylated
phenol or of an alkylphenol thioester, and also optionally 1n
the presence of carbon dioxide.

In certain embodiments, the composition comprises fur-
ther at least one antioxidant. Oxidation inhibitors, or antioxi-
dants, reduce the tendency of base oils to deteriorate 1n ser-
vice which deterioration can be evidenced by the products of
oxidation such as sludge and varnish-like deposits on the
metal surfaces, and by viscosity growth. Such oxidation
inhibitors include alkaline earth metal salts of alkyl-phenolth-
10esters having, for example, C. to C, , alkyl side chains, such
as calcium nonylphenol sulfide, bartum t-octylphenol sulfide,
dioctylphenylamine, phenylalphanaphthylamine, or phos-
phosulfurized or sulturized hydrocarbons. Also included are
o1l soluble antioxidant copper compounds such as copper
salts of C,,-C,, 01l soluble fatty acids. In certain embodi-
ments, the at least one antioxidant 1s selected from phenolic
antioxidants, amine antioxidants, or organometallic antioxi-
dants. In certain embodiments, the at least one antioxidant 1s
a phenolic antioxidant. In certain embodiments, the at least
one antioxidant 1s a hindered phenolic antioxidant. In certain
embodiments, the at least one antioxidant 1s an amine anti-
oxidant, such as a diarylamine, benzylamine, or polyamine.
In certain embodiments, the at least one antioxidant 1s a
diarylamine antioxidant, such as an alkylated diphenylamine
antioxidant. In certain embodiments, the at least one antioxi-
dant 1s a phenyl-a-naphthylamine or an alkylated phenyl-a-
naphthylamine. In certain embodiments, the at least one anti-
oxidant comprises an antioxidant package. In certain
embodiments, the antioxidant package comprises one or
more phenolic antioxidants and one or more amine antioxi-
dants, such as a combination of a hindered phenolic antioxi-
dant and an alkylated diphenylamine antioxidant. In some
embodiments, the antioxidant may be present 1n amounts of
about 0% to about 10% by weight, or about 0% to about 5%
by weight of the composition, such as about 0.01% to about
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3%, about 0.1% to about 2%, or about 0.5% to about 1.5%. In
certain embodiments, the antioxidant comprises at least 0.1%
by weight of the composition.

In certain embodiments, the composition further com-
prises at least one friction modifier. Representative examples
of suitable friction modifiers may include fatty acid esters and
amides, molybdenum complexes of polyisobutenyl succinic
anhydride-amino alkanols, glycerol esters of dimerized fatty
acids, alkane phosphonic acid salts, phosphonate with an
oleamide, S-carboxyalkylene hydrocarbyl succinimide,
N(hydroxylalkyl)alkenylsuccinamic acids or succinimides,
di-(lower alkyl) phosphites and epoxides, and alkylene oxide
adduct of phosphosuliurized N(hydroxyalkyl)alkenyl succin-
imides. Suitable friction modifiers may include succinate
esters, or metal salts thereot, of hydrocarbyl substituted suc-
cinic acids or anhydrides and thiobis-alkanols.

In certain embodiments, the composition further com-
prises at least one dispersant. Dispersants may be used to
maintain o1l mnsolubles, resulting from oxidation during use,
in suspension in the fluid thus preventing sludge flocculation
and precipitation or deposition on metal parts. Suitable dis-
persants may include high molecular weight alkyl succinim-
ides, the reaction product of o1l-soluble polyisobutylene suc-
cinic anhydride with ethylene amines such as tetraethylene
pentamine and borated salts thereof.

Dispersants of the ashless type can also be used in the
compositions described herein. An exemplary ashless dis-
persant 1s a derivatized hydrocarbon composition which 1s
mixed with at least one of amine, alcohol, including polyol, or
aminoalcohol. Derivatized hydrocarbon dispersants may be
the product of reacting (1) a functionalized hydrocarbon of
less than 3500 Mn (number average molecular weight)
wherein functionalization comprises at least one group of the
formula —CO—Y—R; wheremn Y 1s O or S; R 1s H, hydro-
carbyl, aryl, substituted aryl or substituted hydrocarbyl and
wherein at least 50 mole % of the functional groups are
attached to a tertiary carbon atom; and (2) a nucleophilic
reactant; wherein at least about 80% of the functional groups
originally present in the functionalized hydrocarbon are
derivatized.

In certain embodiments, the composition further com-
prises at least one pour-point depressant. Pour-point depres-
sants, also known as lube o1l flow improvers, can lower the
temperature at which the tluid will flow. Exemplary additives
include Cq-C,, dialkyl fumarate vinyl acetate copolymers,
polymethacrylates and wax naphthalene. In certain embodi-
ments, the at least one pour-point depressant comprises about
0.01 to about 1% by weight of the composition, such as about
0.1 to about 0.5%.

In certain embodiments, the composition further com-
prises at least one foam control (antifoam) agent. Foam con-
trol can also be provided by an anti-foamant of the polysilox-
ane type such as silicone o1l and polydimethyl siloxane.

In certain embodiments, the composition further com-
prises at least one anti-wear agent. Anti-wear agents reduce
wear ol metal parts, and representative materials include zinc
alkyl dithiophosphates such as dialkyldithiophosphate, and
zinc diaryl diphosphates. Also included are ashless zinc
replacements, including boron-type antiwear compounds.
Exemplary ashless boron-type compounds include, but are
not limited to, borated nitrogen compounds such as a borated
polyalkenyl succinimide.

In certain embodiments, the composition further com-
prises at least one detergent and/or metal rust inhibitor (*De-
tergent inhibitor”). Detergents and metal rust inhibitors
include the metal salts of sulfonic acids, alkylphenols, sulfu-
rized alkylphenols, alkyl salicylates, naphthenates and other
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01l soluble mono- and dicarboxylic acids. Exemplary sul-
fonates include metal salts of optionally substituted carbocy-
clic sulfonic acids, optionally substituted aryl sulfonic acids,
or aliphatic sulfonic acids. In certain embodiments, the deter-
gent inhibitor comprises a metal salt of an alkylaryl sulfonic
acid, such as a calcium long-chain alkylaryl sulfonate. Neu-
tral or highly basic metal salts such as highly basic alkaline
carth metal sulfonates (such as calcium and magnesium salts)
may be used as such detergents. In certain embodiments, the
detergent inhibitor comprises a calcium detergent, such as a
calcium sulfonate, a calcium phenate, or a calcium salicylate.
In certain embodiments, the detergent inhibitor 1s an over-
based detergent, such as an overbased calctum compound. In
certain embodiments, the detergent inhibitor has a total base
number of about 25 to about 600, such as about 30 to about 60,
about 40 to about 80, about 100 to about 500, or about 150 to
about 450, as expressed 1n mg KOH/g of the detergent com-
position. In certain embodiments, the detergent inhibitor 1s a
nonylphenol sulfide. Exemplary maternials may be prepared
by reacting an alkylphenol with commercial sulfur dichlo-
rides. Suitable alkylphenol sulfides can also be prepared by
reacting alkylphenols with elemental sulfur. Other suitable
detergent 1nhibitors may include neutral and basic salts of
phenols, generally known as phenates, wherein the phenol 1s
generally an alkyl substituted phenolic group, where the sub-
stituent 1s an aliphatic hydrocarbon group having about 4 to
400 carbon atoms. Exemplary detergent inhibitors may
include, for example, “S911” and “P5710” sold by Infineum
USA of Linden, N.J. In some embodiments, the detergent
inhibitor comprises from about 0.1 wt. % to about 20 wt. %,
about 2 wt. % to about 18 wt. %, about 5 wt. % to about 15 wt.
%, or about 11 wt. % to about 13 wt. % of the composition. In
some embodiments, the detergent inhibitor comprises at least
10 wt. % of the composition.

In certain embodiments, the composition further com-
prises at least one viscosity modifier. Viscosity modifiers may
impart high and low temperature operability to the lubricating
o1l and permait 1t to remain shear stable at elevated tempera-
tures and also exhibit acceptable viscosity or fluidity at low
temperatures. Exemplary viscosity modifiers may include
high molecular weight hydrocarbon polymers including
polyesters. The viscosity modifiers may also be dertvatized to
include other properties or functions, such as the addition of
dispersancy properties. Representative examples of suitable
viscosity modifiers include: polybutenes; polyisobutylenes
(PIB); copolymers of ethylene and propylene; polymethacry-
lates; methacrylate copolymers; copolymers of an unsatur-
ated dicarboxylic acid and vinyl compound; styrene-type
polymers including, but not limited to, mnterpolymers of sty-
rene and acrylic esters, and copolymers of styrene/isoprene,
and/or styrene/butadiene, and partially-hydrogenated vari-
ants thereof; and isoprene/butadiene, such as the partially
hydrogenated homopolymers of butadiene and 1soprene.
Exemplary viscosity modifiers include styrene-diene type
polymers, such as the SV277 viscosity modifier additive sold
by Infineum USA of Linden, N.J. In some embodiments, the
at least one viscosity modifier comprises from about O wt. %
to about 75 wt. % or about 5 wt. % to about 60 wt. % of the
composition, such as about 0.1 wt. % to about 15 wt. %, about
1 wt. % to about 10 wt. %, or about 2 wt. % to about 5 wt. %
of the composition. In some embodiments, the viscosity
modifier comprises at least 10 wt. % of the composition.

In some embodiments, the compositions comprise at least
one polybutene polymer. In some embodiments, the poly-
butene may comprise a mixture of poly-n-butenes and poly-
isobutylene, which may result from the polymerization of C,
olefins and generally will have a number average molecular
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weight of about 300 to 1500, or a polyisobutylene or poly-
butene having a number average molecular weight of about
400 to 1300. In some embodiments, the polybutene and/or
polyisobutylene may have a number average molecular
weight of about 950 Mn may be measured by gel permeation
chromatography. Polymers composed of 100% polyisobuty-
lene or 100% poly-n-butene should be understood to {fall
within the scope of this disclosure and within the meaming of
the term “‘a polybutene polymer”. An exemplary polyisobu-

tylene includes “PIB S1054” which has an Mn of about 950
and 1s sold by Infineum USA of Linden, N.J.

In some embodiments, the at least one polybutene polymer
comprises a mixture of polybutenes and polyisobutylene pre-
pared from a C, olefin refinery stream containing about 6 wt.
% to about 50 wt. % 1sobutylene with the balance a mixture of
butene (cis- and trans-) 1sobutylene and less than 1 wt %.
butadiene. For example, the polymer may be prepared via
Lewis acid catalysis from a C, stream composed of 6-45 wt.
% 1sobutylene, 25-35 wt. % saturated butenes and 15-50 wt.
% 1- and 2-butenes.

In certain embodiments, the composition further com-
prises at least one solvent. Suitable solvents may generally be
characterized as being normally liquid petroleum or synthetic
hydrocarbon solvents having a boiling point not higher than
about 300° C. at atmospheric pressure. Such a solvent may
also have a flash point in the range of about 60-120° C.
Typical examples include kerosene, hydrotreated kerosene,
middle distillate fuels, 1soparaifinic and naphthenic aliphatic
hydrocarbon solvents, dimers, and higher oligomers of pro-
pylene butene and similar olefins as well as paraffinic and
aromatic hydrocarbon solvents and mixtures thereof. Such
solvents may contain functional groups other than carbon and
hydrogen provided such groups do not adversely atlect per-
formance of the composition. Suitable solvents include naph-
thenic type hydrocarbon solvents having a boiling point range
of about 91.1° C. to about 113.9° C., such as “Fxxsol D80”
sold by Exxon Chemical Company. In some embodiments,
the composition comprises from about 0 wt. % to about 75 wt.
%, about 5 wt. % to about 60 wt. %, about 10 wt. % to about
50 wt. %, about 15 wt. % to about 40 wt. %, about 20 wt. %
to about 30 wt. %, or about 23 wt. % to about 27 wt. % of the
at least one solvent.

In certain embodiments, the composition comprises an
estolide base o1l having a kinematic viscosity equal to or less
than about 12 ¢St when measured at 100° C. In certain
embodiments, the composition comprises an estolide base o1l
having a kinematic viscosity equal to or less than about 11 ¢St
when measured at 100° C. In certain embodiments, the com-
position comprises an estolide base o1l having a kinematic
viscosity equal to or less than about 10 ¢St when measured at
100° C., such as about 1 to about 10, about 2 to about 9, about
4 to about 9, or about 5 to about 10 ¢St at 100° C.

In certain embodiments, the estolide base o1l comprises the
balance of the composition after addition of the components
of the additive package. In certain embodiments, the estolide
base o1l comprises about 1 to about 95% by weight of the
composition, such as about 1 to about 69 wt. %, about 15 to
about 65 wt. %, about 25 to about 60 wt. %, about 35 to about
55 wt. %, about 40 to about 50 wt. %, or about 42 to about 46
wt. %.

The present disclosure 1s based on the surprising discovery
that certain combinations of additive packages and estolide
base stocks can provide engine o1l compositions exhibiting,
properties that meet or exceed certain guidelines for the lubri-
cant quality and performance according to the American
Petroleum Institute (API), including International Lubricant

Standardization and Approval Committee (ILSAC) GF-5
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limits set for Sequence 111G, Sequence VG, Sequence 1VA,
Sequence VIII, and/or Sequence VID testing conditions.
The Sequence I11G 15 a fired engine test designed to evalu-
ate a candidate o1l’s performance in three areas: viscosity
increase; high temperature piston deposits; and valve train
wear. For GF-3, the performance parameters are: viscosity

increase as a percentage of new o1l (PVISFNL); viscosity;
weighted piston deposits; cam and lifter wear (ACLWENL);
and hot stuck rings. The Sequence 111G testing 1s conducted

using ASTM Method D7320 as follows:

Engine GM 3.8L (3800 cc) V-6
Test length (h) 100
Speed (rpm) 3600
Load (Nm) 250
Oil Temp. (° C.) 155
Coolant Temp. (° C.) 115
Intake Air Temp. (° C.) 35

Valve Spring Load (Ibs)
Air/Fuel Ratio

Initial Oil Charge (mL)
Oil check and samples (h)

205 (@ 0.375 inch deflection
15:1
5500
0, 20, 40, 60, 80, and 100

Camshait Nodular cast iron (phosphate)
Cam Bushing Babbit

Lifters Alloy cast iron

Fuel Haltermann fuel unleaded

Sequence IIIGA testing merits include those that measure
for low temperature used o1l viscosity (MRV) and used o1l
cold crank simulator (CCS), per ASTM Method 73528.
Sequence I1IGB testing merits imnclude that for phosphorous
retention, per ASTM Method 7320. In certain embodiments,
the engine o1l compositions described herein meet or exceed
one or more of the GF-5 limits set for certain Sequence 111G
testing procedures. In certain embodiments, the formulations
meet or exceed all of the GF-5 performance limits described
herein.

In certain embodiments, the composition may exhibit an
ACLWFNL Wear Rating (um) of 60 or less, such as =50, =40,
<35, <25, =15, or even =<10. In certain embodiments, the
compositions described may exhibit an ACLWFNL Wear
Rating (um) of about 0 to about 60, such as about O to about
30, about 1 to about 25, about 5 to about 20, about 5 to about
15, or even about 10 to about 13.

In certain embodiments, the composition may exhibit a
PVISFNL Viscosity Increase (%o @ 40° C.) of 150 or less,
suchas <125, =100, <835, =65, oreven =50. In certain embodi-
ments, the compositions described may exhibit a PVISFNL
Viscosity Increase (% (@ 40° C.) of about 0 to about 150, such
as about 10 to about 125, such as about 5 to about 100, about
25 to about 100, such as about 25 to about 85, about 35 to
about 85, about 45 to about 65, or even about 40 to about 60.

In certain embodiments, the composition may exhibit a
Weighted Piston Deposit (merits) of 24, =23, 26, =27, =8, or 29.
In certain embodiments, the compositions described may
exhibit a Weighted Piston Deposit (merits) of about 6.5 to
about 10, such as about 7 to about 9.5, about 8 to about 9, or
even about 8.2 to about 8.8.

In certain embodiments, the composition may exhibit
IIIGB—Phosphorous Retention of 280%, 285%, or 290%. In
some embodiments, the compositions described may exhibit
IIIGB—Phosphorous Retention of about 80% to about 100%,
such as about 80% to about 90%.

In certain embodiments, the composition may exhibit
IIGA—Used O11l MRV (cP @-30° C.) 01 60,000 or less, such
as =50,000, 40,000, <30,000, <25,000, or even <20,000. In
certain embodiments, the compositions described may
exhibit IIIGA—Used O1l MRV (cP (@-30° C.) of about 5,000
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to about 50,000, such as about 10,000 to about 40,000, about
15,000 to about 35,000, or about 20,000 to about 30,000.

In certain embodiments, the composition may exhibit
INIGA—Used O1l CCS (cP @-25° C.) o1 7,000 or less, such
as 6,500, 6,000, =5,000, =4,000, or even =3,000. In certain
embodiments, the compositions described may exhibit
INIGA—Used O11 MRV (cP @-25° C.) of about 2,000 to
about 7,000, such as about 4,000 to about 7,000, about 5,000
to about 7,000, or about 6,000 to about 6,800.

The Sequence VG 1s a fired engine test designed to evaluate
a candidate o1l’s performance 1n three areas: wear; sludge;
and varnish. For GF-5, the performance parameters are evalu-
ated per ASTM Method D6593 for: engine sludge; rocker
cover sludge; engine varnish; piston skirt varnish; oil screen
sludge; o1l screen debris; hot stuck compression rings; cold
stuck rings; and o1l ring clogging. The test engine 1s aFord 4.6
L, spark 1gnition, four-stroke, eight-cylinder V configuration
engine. Features of this engine include an overhead camshatft,
a cross-tlow fast-burn cylinder head design, two valves per
cylinder and electronic port fuel ijection. It 1s based on the
Ford Motor Co. 4.6 L. EFI Crown Victoria passenger car
engine. In certain embodiments, the engine o1l compositions
described herein meet or exceed one or more of the GF-5
limits set for certain Sequence VG testing procedures. In
certain embodiments, the formulations meet or exceed all of
the GF-5 performance limits described herein.

In certain embodiments, the composition may exhibit an
average engine sludge (merits) rating of =8, =10, =12, =13,
=14, or =z15. In certain embodiments, the compositions
described may exhibit an average engine sludge (merits) of
about 8 to about 20, such as about 8.5 to about 15, about 9 to
about 13, or even about 9.5 to about 12.5.

In certain embodiments, the composition may exhibit an
average rocker cover sludge (merits) rating of 28.3, =8.5, =29,
=9.5, 210, or z11. In certain embodiments, the compositions
described may exhibit an average rocker cover sludge (mer-
its) of about 8.3 to about 12, such as about 8.5 to about 11,
about 8.8 to about 10, or even about 9 to about 9.5.

In certain embodiments, the composition may exhibit an
average engine varnish (merits) rating of =8.9, 29.2, =9.5,
=9.8, =10, or =10.5. In certain embodiments, the composi-
tions described may exhibit an average engine varnish (mer-
its) of about 8.9 to about 12, such as about 9.1 to about 10.5,
about 9.3 to about 10, or even about 9.5 to about 9.8.

In certain embodiments, the composition may exhibit an
average piston skirt varnish (merits) rating of 7.5, 27.7, =8,
=8.2, 28.5, or 9. In certain embodiments, the compositions
described may exhibit an average piston skirt varnish (merits)
of about 7.5 to about 12, such as about 7.8 to about 10, about
8 to about 9.5, or even about 8.2 to about 8.8.

In certain embodiments, the composition may exhibit an
o1l screen sludge (% area) rating of 13% or less, such as
<13%, =11%, =8%, <7%, or even =5%. In certain embodi-
ments, the compositions described may exhibit an o1l screen
sludge (% area) of about 0.1% to about 15%, such as about
2% to about 13%, about 4% to about 11%35, or even about 6%
to about 9%.

In certain embodiments, the composition may exhibit an
o1l screen debris (% area) rating of 15% or less, such as =13%,
<11%, =8%, <7%, or even =5%. In certain embodiments, the
compositions described may exhibit an o1l screen debris (%
area) ol about 0.1% to about 15%, such as about 2% to about
13%., about 4% to about 11%3, or even about 6% to about 9%.

In certain embodiments, the composition may exhibit no
hot stuck compressionrings and/or cold stuck rings. In certain
embodiments, the composition may exhibit an o1l ring clog-
ging (Y area) rating of 15% or less, such as =13%, =11%,
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<8%, =7%, or even =5%. In certain embodiments, the com-
positions described may exhibit an o1l ring clogging (% area)
of about 0.1% to about 15%, such as about 2% to about 13%,
about 4% to about 11%35, or even about 6% to about 9%.

The Sequence IVA 1s a fired engine test designed to evalu-
ate a candidate o1l’s performance in valvetrain wear. For
GF-5, the performance parameters are evaluated per ASTM

Method D6891 for a lubricant’s ability to protect against
cam lobe wear for overhead valve train equipped engines with
sliding cam followers. The Sequence IVA uses a Nissan
KA24E engine: 24 L displacement, water-cooled, fuel-in-
jected, four cylinder in-line overhead camshait. In certain
embodiments, the engine o1l compositions described herein
meet or exceed one or more of the GF-35 limits set for certain
Sequence IVA testing procedures. In certain embodiments,
the formulations meet or exceed all of the GF-5 performance
limits described herein. In certain embodiments, the compo-
sitions described herein exhibit an average cam wear (7 posi-
tion average, um) ol 90 or less, such as =30, =30, =23, =15,
<10, or even =5. In certain embodiments, the compositions
described may exhibit an cam wear (7 position average, Lm)
of about 0 to about 90, such as about 0.1 to about 30, about 0.4
to about 25, about 0.6 to about 10, about 0.8 to about 5, oreven
about 1 to about 2.

The Sequence VIII 1s a fired engine test designed to evalu-
ate a candidate o1l’s performance i1n bearing corrosion and
shear stability. For GF-5, the performance parameters are
evaluated per ASTM Method D6709 for a lubricant’s ability
to protect engines against bearing weight loss. This method
covers SAFE grades 5W, 10W, 20, 30, 40, and 50, as well as
multi-viscosity grades, used 1n spark 1ignition engines. An o1l
1s evaluated for 1ts ability to protect the engine and o1l from
deterioration under high-temp and severe service conditions.
The Sequence VIII uses a carbureted, spark 1gnition Coop-
erative Lubrication Research o1l test engine run on unleaded
fuel. In certain embodiments, the engine oil compositions
described herein meet or exceed one or more of the GF-5
limits set for certain Sequence VIII testing procedures. In
certain embodiments, the formulations meet or exceed all of
the GF-5 performance limits described herein.

In certain embodiments, the compositions described herein
exhibit a 10-hour stripped kinematic viscosity (@ 100° C.,
cSt) of 9.3 or more, such as 29.4, =9.5, 9.8, =10, =10.2, or
even =10.5. In certain embodiments, the compositions
described may exhibit a 10-hour stripped kinematic viscosity
(@ 100° C., cSt) of about 9.3 to about 13, such as about 9.4 to
about 11, about 9.5 to about 10.5, or even about 9.8 to about
10.2.

The Sequence VID 1s a fired engine test designed to evalu-
ate a candidate o1l’s effect on fuel efliciency. For GF-5, the
performance parameters are evaluated per ASTM Method
D7589 for the effects of automotive engine oils on the fuel
economy of passenger cars and light-duty (3856 kg, 8500
pounds or less gross vehicle weight) trucks. The Sequence
VID uses a 2008 3.6 L V6 General Motors gasoline engine
equipped with an external o1l heating/cooling system and a
“flying flush™ system for changing oils without an engine
shutdown 1s used for this test. In certain embodiments, the
engine o1l compositions described herein meet or exceed one
or more of the GF-5 limits set for certain Sequence VID
testing procedures. In certain embodiments, the formulations
meet or exceed all of the GF-5 performance limits described
herein.

In certain embodiments, the compositions described herein
(SAE 3W-30 viscosity grade) exhibit an FEI summary of at
least 1.9% atfter 60 hours. In certain embodiments, the com-
positions described hereimn (SAE 5W-30 viscosity grade)
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exhibit an FEI after 60 hours of aging (%) of at least 1.9, such
as =1.9, =22, 22.5, 23, =3.5, or even =4. In certain embodi-
ments, the compositions described herein (SAE SW-30 vis-
cosity grade) exhibit an FEI after 60 hours of aging (%) of
about 1.9 to about 5, such as about 2 to about 4.5, about 2.5 to
about 4, or even about 3 to about 3.5.

In certain embodiments, the compositions described herein
(SAE 5W-30 viscosity grade) exhibit an FEI summary of at
least 0.9% after 100 hours. In certain embodiments, the com-
positions described herein (SAE 5W-30 viscosity grade)
exhibit an FEI 2 after 100 hours of aging (%) of at least 0.9,
such as =0.9, =1, =1.2, =1.5, 22, or even =2.5. In certain

embodiments, the compositions described herein (SAE

SW-30 viscosity grade) exhibit an FEI 2 after 100 hours of
aging (%) ofabout 0.9 to about 3, such as about 1 to about 2.5,
about 1.2 to about 2.2, or even about S to about 2.

In certain embodiments, the compositions described herein
meet or exceed the standards set forth 1n the USDA’s BioPre-
terred Program for motor oils, which 1s currently set at a
mimmum of 25% bio-based content, as determined using
ASTM Method D6866. In certain embodiments, the compo-
sition will exhibit a bio-based content of at least 30%, at least
35%, at least 40%, at least 50%, at least 60%, at least 75%, at
least 85%, or even at least 90%. In certain embodiments, the

engine o1l composition will exhibit a bio-based content of
about 25% to about 90%, such as about 25% to about 85%,

about 25% to about 75%, about 25% to about 65%, about 25%
to about 50%, about 25% to about 35%, or even about 30% to
about 45%.

In certain embodiments, one or more of the optional addi-
tives discussed herein, such as certain metal deactivator pack-
ages, may comprise a fatty acid or fatty acid derivative or
precursor, which may increase the acid value (e.g., total acid
number) of the composition. Without being bound to any
particular theory, 1n certain embodiments, 1t 1s believed that
increasing the acid value of the composition may result 1n
decreased oxidative stability of the composition, and thus
adversely affecting results of tests conducted according to
Sequence II1G. Accordingly, in certain embodiments, the
composition will be substantially free of fatty acid compo-
nents, such as free fatty acids, and/or have a low acid value.

In certain embodiments 1s described a method of preparing,
an estolide composition, said method comprising selecting an
estolide base o1l; reducing the acid value of the estolide base
o1l to provide a low-acid estolide base o1l; and combining the
low-acid estolide base o1l with at least one antioxidant. In
certain embodiments, reducing the acid value of the estolide
base o1l to provide a low-acid estolide base o1l comprises
contacting said estolide base o1l with at least one acid-reduc-
ing agent. In certain embodiments, the at least one acid-
reducing agent 1s selected from any suitable agent, such as,
for example, one or more of activated carbon, magnesium
silicate (e.g., Magnesol®), aluminum oxide (e.g., Alumina),
silicon dioxide, a zeolite, a basic resin, and an anionic
exchange resin. In certain embodiments, the acid value of the
at least one estolide base o1l 1s reduced to any of the levels
described herein, such as about 0.1 mg KOH/g or lower. In
certain embodiments, the combination of the low-acid
estolide base o1l and the at least one antioxidant will have a
time value similar to the times described herein for other
estolide base o1ls when tested 1n a rotating pressurized vessel
oxidation test using ASTM Method 2272-11, such as about
500 minutes, about 600 minutes, about 700 minutes, about
800 minutes, about 900 minutes, or even about 1000 minutes
Or more.

In certain embodiments, the composition comprises, or
consists essentially of, an estolide base o1l, a detergent inhibi-
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tor, and optionally an antioxidant. In certain embodiments,
the engine o1l composition further comprises a non-estolide
base o1l and/or a viscosity modifier. In certain embodiments,
the non-estolide base o1l comprises at least one mineral o1l or
semi-synthetic oil. Accordingly, 1n certain embodiments, the
engine o1l composition will exclude synthetic base o1ls such
as PAOs and/or non-estolide synthetic esters. In certain
embodiments, the engine o1l composition will exclude addi-
tional additives such as pour point depressants and/or poly-
alkylene glycols.

In certain embodiments, the compositions may be suitable
for use as a two-cycle or four-cycle lubricant. In certain
embodiments, the composition may be suitable for use as a
passenger car motor o1l (PCMOQO), a crankcase o1l, a transmis-
sion fluid, or a gearbox oil. In certain embodiments, the
composition does not comprise a fuel (e.g., internal combus-
tion fuel such as gasoline or diesel), and 1s not intended to be
mixed into a fuel. Thus, 1n certain embodiments, the compo-
sition does not comprise a two-cycle and/or diesel engine
lubricant.

As 1llustrated below, compound 100 represents an unsat-
urated fatty acid that may serve as the basis for preparing the
estolide compounds described herein.

Scheme 1
O
/
Ri—C
\
O OH
CH3(CH,),CH=CH(CH,) C// 0
3 2/ I 2/x \ [Hj
OH
100
O
/4
Ri—C
) \
O 0O
| V4
CH3(CH2)yCH(CH2)IC\
i O], 0O
| 4
CH3(CH2)},CH(CH2)IC\
OH
104

In Scheme 1, wherein x 1s, independently for each occur-
rence, an integer selected from 0 to 20, y 1s, independently for
cach occurrence, an integer selected from 0 to 20, n 1s an
integer greater than or equal to 1, and R, 1s an optionally
substituted alkyl that 1s saturated or unsaturated, and
branched or unbranched, unsaturated fatty acid 100 may be
combined with compound 102 and a proton from a proton
source to form free acid estolide 104. In certain embodiments,
compound 102 1s not included, and unsaturated fatty acid 100
may be exposed alone to acidic conditions to form free acid
estolide 104, wherein R, would represent an unsaturated alkyl
group. In certain embodiments, 1f compound 102 1s included
in the reaction, R, may represent one or more optionally
substituted alkyl residues that are saturated or unsaturated
and branched or unbranched. Any suitable proton source may
be implemented to catalyze the formation of free acid estolide
104, including but not limited to homogenous acids and/or
strong acids like hydrochloric acid, sulfuric acid, perchloric
acid, nitric acid, triflic acid, and the like.
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Scheme 2
O
/4
Ri—C
_ \ _
T/
CHsj (CHZ)yCH(CHz)IC/ Ry—0OH
i \O ) 0 202
| V4
CH;(C Hz)yCH(C HE)IC\
OH
104
O
/
R—C
i \ _
O O
| V4
CH;3(CH,),CH(CH>) IC\
i O, O
| V4
CH; (CHz)yCH(CHz)IC\
OR>»
204

Similarly, 1n Scheme 2, wherein x 1s, independently for
cach occurrence, an integer selected from O to 20, y 1s, 1nde-
pendently for each occurrence, an mteger selected from 0 to
20, n 1s an integer greater than orequal to 1, and R; and R, are
cach an optionally substituted alkyl that 1s saturated or unsat-
urated, and branched or unbranched, free acid estolide 104
may be esterified by any suitable procedure known to those of
skilled 1n the art, such as acid-catalyzed reduction with alco-
hol 202, to vield esterified estolide 204. Other exemplary
methods may include other types of Fischer esterification,
such as those using Lewis acid catalysts such as BEF;.

In all of the foregoing examples, the compounds described
may be usetul alone, as mixtures, or 1n combination with
other compounds, compositions, and/or materals.

Methods for obtaining the novel compounds described
herein will be apparent to those of ordinary skill 1n the art,
suitable procedures being described, for example, in the
examples below, and 1n the references cited herein.

EXAMPLES

Analytics

Nuclear Magnetic Resonance: NMR spectra were col-
lected using a Bruker Avance 500 spectrometer with an abso-
lute frequency of 500.113 MHz at 300 K using CDCI, as the
solvent. Chemical shifts were reported as parts per million
from tetramethylsilane. The formation of a secondary ester

link between fatty acids indicating the formation of estolide
was verified with 'HH NMR by a peak at about 4.84 ppm.

Estolide Number (EN): The EN was measured by GC
analysis.

Iodine Value (IV): The 10dine value 1s a measure of the total
unsaturation of an oi1l. IV 1s expressed 1n terms of centigrams
of 10odine absorbed per gram of o1l sample. Therefore, the
higher the 10dine value of an o1l the higher the level of unsat-
uration 1s of that oi1l. Estimated by GC analysis.

Gas Chromatography (GC): GC analysis was performed to
evaluate the estolide number (EN) and 10dine value (IV) of
the estolides. This analysis was performed using an Agilent
6890N series gas chromatograph equipped with a flame-
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ionization detector and an autosampler/injector along with an
SP-2380 30 mx0.25 mm 1.d. column.

The parameters of the analysis were as follows: column
flow at 1.0 mL/min with a helium head pressure of 14.99 psi;
split ratio of 50:1; programmed ramp of 120-135° C. at 20°
C./min, 135-265° C. at 7° C./min, hold for 5 min at 265° C.;

injector and detector temperatures set at 250° C.

Measuring EN and IV by GC: To perform this analysis, the
fatty acid components of an estolide sample were reacted with
MeOH to form fatty acid methyl esters by a method that left
behind a hydroxy group at sites where estolide links were
once present. Standards of fatty acid methyl esters were first
analyzed to establish elution times.

Sample Preparation: To prepare the samples, 10 mg of

estolide was combined with 0.5 mL of 0.5M KOH/MeOH 1n
a vial and heated at 100° C. for 1 hour. This was followed by
the addition of 1.5 mL of 1.0 M H,SO_,/MeOH and heated at
100° C. for 15 minutes and then allowed to cool to room
temperature. After which time, 1 mL of H,O and 1 mL of
hexane were added to the vial and the resulting liquid phases
were mixed thoroughly. The layers were then allowed to
phase separate for 1 minute. The bottom H,O layer was
removed and discarded. A small amount of drying agent
(Na,SO, anhydrous) was then added to the organic layer after
which the organic layer was then transierred to a 2 mL crimp
cap vial and analyzed.

EN Calculation: The EN 1s measured as the percent
hydroxy fatty acids divided by the percent non-hydroxy fatty
acids. As an example, a dimer estolide would result 1n half of
the fatty acids containing a hydroxy functional group, with
the other half lacking a hydroxyl functional group. Therefore,
the EN would be 50% hydroxy fatty acids divided by 50%
non-hydroxy fatty acids, resulting in an EN value of 1 that
corresponds to the single estolide link between the capping
fatty acid and base fatty acid of the dimer.

IV Calculation: The 10dine value 1s estimated by the fol-
lowing equation based on ASTM Method D97 (ASTM Inter-

national, Conshohocken, Pa.):

AfXMW;de
MW,

[V =2x100x

A ~fraction of fatty compound in the sample

MW =253.81, atomic weight of two 1odine atoms added a

double bond

db=number of double bonds on the fatty compound

MW =molecular weight of the fatty compound

The properties of the exemplary estolide base stocks and
compositions are described herein are identified 1n Tables
1-3.

Other Measurements: Except as otherwise described, pour
point 1s measured by ASTM Method D97, cloud point 1s
measured by ASTM Method D23500, viscosity/kinematic vis-
cosity 1s measured by ASTM Method D445, and viscosity
index 1s measured by ASTM Method D2270.

Example 1

The acid catalyst reaction was conducted 1 a 50 gallon
Piaudler RT-Series glass-lined reactor. Oleic acid (65 Kg, OL
700, Twin Rivers) was added to the reactor with 70% perchlo-
ric acid (992.3 mL, Aldrich Cat#244252) and heated to 60° C.
in vacuo (10 torr abs) for 24 hrs while continuously being
agitated. After 24 hours the vacuum was released. 2-Ethyl-
hexanol (29.97 Kg) was then added to the reactor and the
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vacuum was restored. The reaction was allowed to continue
under the same conditions (60° C., 10 torr abs) for 4 more
hours. At which time, KOH (645.58 g) was dissolved 1n 90%
cthanol/water (5000 mL, 90% EtOH by volume) and added to
the reactor to quench the acid. The solution was then allowed
to cool for approximately 30 minutes. The contents of the
reactor were then pumped through a 1y filter into an accumu-
lator to filter out the salts. Water was then added to the accu-
mulator to wash the oil. The two liquid phases were thor-
oughly mixed together for approximately 1 hour. The solution
was then allowed to phase separate for approximately 30
minutes. The water layer was drained and disposed of. The
organic layer was again pumped through a 1u filter back nto
the reactor. The reactor was heated to 60° C. 1n vacuo (10 ton
abs) until all ethanol and water ceased to distill from solution.
The reactor was then heated to 100° C. 1n vacuo (10 ton abs)
and that temperature was maintained until the 2-ethylhexanol
ceased to distill form solution. The remaining material was
then distilled using a Myers 15 Centrifugal Distillation still at
200° C. under an absolute pressure ol approximately 12

microns (0.012 torr) to remove all monoester materal leaving
behind estolides.

Example 2

The acid catalyst reaction was conducted 1n a 50 gallon

Ptaudler RT-Series glass-lined reactor. Oleic acid (50 Kg, OL
700, Twin Rivers) and whole cut coconut fatty acid (18.754
Kg, TRC 110, Twin Rivers) were added to the reactor with
70% perchloric acid (1145 mL, Aldrich Cat#2442352) and
heated to 60° C. in vacuo (10 ton abs) for 24 hrs while
continuously being agitated. After 24 hours the vacuum was
released. 2-FEthylhexanol (34.58 Kg) was then added to the
reactor and the vacuum was restored. The reaction was

allowed to continue under the same conditions (60° C., 10 torr
abs) for 4 more hours. At which time, KOH (744.9 g) was

dissolved 1n 90% ethanol/water (5000 mL, 90% EtOH by
volume) and added to the reactor to quench the acid. The
solution was then allowed to cool for approximately 30 min-
utes. The contents of the reactor were then pumped through a
1u filter into an accumulator to filter out the salts. Water was
then added to the accumulator to wash the o1l. The two liquid
phases were thoroughly mixed together for approximately 1
hour. The solution was then allowed to phase separate for
approximately 30 minutes. The water layer was drained and
disposed of. The organic layer was again pumped through a
1 u filter back mto the reactor. The reactor was heated to 60° C.
in vacuo (10 torr abs) until all ethanol and water ceased to
distill from solution. The reactor was then heated to 100° C. 1n
vacuo (10 ton abs) and that temperature was maintained until
the 2-ethylhexanol ceased to distill form solution. The
remaining material was then distilled using a Myers 15 Cen-
trifugal Distillation still at 200° C. under an absolute pressure
of approximately 12 microns to remove all monoester mate-
rial leaving behind estolides.

Example 3

The estolides produced in Example 2 were subjected to
distillation conditions 1n a Myers 15 Centrifugal Dastillation
still at 300° C. under an absolute pressure of approximately
12 microns (0.012 ton). This resulted in a primary distillate
having a lower EN average (Ex. 3A), and a distillation residue

having a higher EN average (Ex. 3B).

Example 4

Estolides were prepared according to the method set forth
Example 2, except the reaction was 1nitially charged with
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41.25 Kg of Oleic acid and 27.50 Kg of whole cut coconut
fatty acids, to provide an estolide product (Ex. 4).

Example 5

Estolides produced according to the method set forth 1n
Example 4 (Ex. 4) were subjected to distillation conditions 1n
a Myers 15 Centrifugal Distillation still at 300° C. under an
absolute pressure of approximately 12 microns (0.012 ton).
This resulted 1n a primary distillate having a lower viscosity

(Ex. 5A), and a distillation residue having a higher viscosity
(Ex. SB).

Example 6

Estolides were prepared according to the methods set forth
in Examples 4 and 5 to provide estolide products of Ex. 4, Ex.
SA, and Ex. 5B, which were subsequently subjected to a basic
anionic exchange resin wash to lower the estolides’ acid
value: separately, each of the estolide products (1 equiv) were
added to a 30 gallon stainless steel reactor (equipped with an
impeller) along with 10 wt. % of Amberlite™ IRA-402 resin.
The mixture was agitated for 4-6 hrs, with the tip speed of the
impeller operating at no faster than about 1200 {t/min. After
agitation, the estolide/resin mixture was filtered, and the
recovered resin was set aside. Properties of the resulting

low-acid estolides are set forth below in Table 1, which are
labeled Ex. 4%, Ex. 5A*, and Fx. SB*.

Example 7

Estolides were prepared according to the methods set forth
in Examples 4 and 3. The resulting Ex. SA and 3B estolides
were subsequently hydrogenated via 10 wt. % palladium
embedded on carbon at 75° C. for 3 hours under a pressurized
hydrogen atmosphere to provide hydrogenated estolide com-
pounds (Ex. 7A and 7B, respectively). The hydrogenated Ex.
7 estolides were then subjected to a basic anionic exchange
resin wash according to the method set forth 1n Example 6 to
provide low-acid estolides (Ex. 7A* and 7B*). The properties

of the resulting low-acid Ex. 7A* and 7B* estolides are set
forth below 1n Table 1.

TABLE 1
Pour Cloud Vis- Vis- Vis-
Point Point  cosity  cosity  cosity
Estolide °C. > C. 40° C. 100°C. Index
Base ASTM (ASTM (ASTM (ASTM (ASTM Iodine
(
Stock EN D97) D2500) D445) D445) D2270) Value
Ex. 2 1.82 -33 -32 65.4 11.3 167 13.2
Ex. 1 2.34 —-40 -33 91.2 14.8 170 22.4
Ex. 3A 1.31 -30 -30 32.5 6.8 175 13.8
Ex. 3B 3.22 -36 -36 137.3 19.9 167 9.0
Ex. 4% 1.86 -29 -36 52.3 9.6 170 12
Ex. 5A* 1.31 -27 -30 35.3 7.2 172 13
Ex. 5B* 2.94 -33 -36 137.3 19.9 167 7
Ex. 7TA*  1.31 -18 -15 35.3 7.2 173 <5
Ex. 7B*  2.94 =27 -24 142.7 20.9 171 <5
Example 8

Various compositions were formulated and tested accord-
ing to Sequence 111G conditions for compliance ILSAC GF-5
standards. The formulations 1-9 are set forth in Table 2.
Certain Sequence 111G performance results of formulations
7-9, as compared to certain GF-5 standards, are set forth 1n

Table 3.
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TABLE 2
Non-
Estolide Estolide Detergent
Engine Base Base Viscosity Inhibitor  Antiox.
Oi1l  Stock Stock Modifier PPD Additive  Booster
Form. (%) (7o) (7o) (%) (%) (o)
1 Ex. SA* — SV277 (0.3) P5710 —
(86.5) (1) (12.2)
2 Ex. 5A* PAO4 SV277 (0.3) P5710 —
(74.5)  (10) (3) (12.2)
3 Ex. 5A* PAO4 SV277 (0.3) P5710 —
(64.5)  (20) (3) (12.2)
4 Ex. 5A*® Group lII SV277 (0.3) P3710 —
(74.5)  (10) (3) (12.2)
5 Ex. 5A*® Group lII SV277 (0.3) P3710 —
(64.5) (20) (3) (12.2)
6 Ex. 5A* Group Il  SV277 (0.3) P3710 —
(64.5)  (20) (3) (12.2)
7 Ex. 5A* PAO4 SV277 (0.3) P3710 —
(64) (20) (3.5) (12.2)
8 Ex. 5A* PAO4 SV277 (0.3) P3710 Aminic
(60) (23.092)  (3.5) (12.158)  antiox.
(0.95)
9 Ex. 7TA* Yubase4 SV277 — P5710 Aminic
(35) (22.95) (3.5) (12.2) antiox.
Yubase 6 (1.15)
(25.20)
TABLE 3
GF-5
IIIG Merits Limits 7 8 9
ACLWFEFNL 60 max. 68.3 61.6 12.1
Wear Rating
(Hm)
PVISEFNL 150 max. 436.2 230.9 56.5
Viscosity
Increase
(% @
40° C.)
Weighted Piston 4 mun. 7.21 8.44 8.46
Deposit (merits)
Hot Stuck Rings  None 1 None None
IIIGB - Phos. 79% min. 94 92.5 85.7
Retention
IIIGA - Used Oi1l  <60,000 197,000 cP 58,000 cP 24,000 cP
MRV cP @ —-30°C @ —-30° C @ —30° C
@
-30° C.
[IIGA - Used O1l  <7,000 — — 6,180 cP
CCS cP @ @ —-25° C
-25° C.
Bio-Content 25% mun. 52.5% 49.2% 28.7%
(USDA
Biopreferred
Program)
Result — Fail Fail Pass

Example 9

Formulation 9 (as set forth in Table 2) was tested according,
to Sequence IVA and Sequence VIII conditions for compli-
ance ILSAC GF-5 standards. The results of those tests, as

compared to certain GF-35 standards, are set forth 1n Tables 4
and 3.

TABLE 4
IVA Merits GF-5 Limits Formulation 9
Average cam wear, 7 position 90 max. 1.06
average (um)
Result — Pass
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TABLE 5
VIII Merits GF-5 Limits Formulation 9
Bearing weight loss (mg) 26 max. 20.5
10-hr stripped KV (@ 100° C 9.3 mun. 9.52
(cSt)
Result — Pass
Example 10

Estolides were prepared according to the method set forth

in Example 2, except the mitial charging of oleic acid and
whole cut coconut fatty acids was altered to provide two
different estolide compositions having viscosities 1n the
range ol about 6 ¢St to about 7 ¢St. The resulting estolide
products were subjected to distillation conditions 1n a Myers
15 Centrifugal Distillation still at 300° C. under an absolute
pressure ol approximately 12 microns (0.012 ton). This
resulted 1 two separate primary distillates having a lower
viscosities (Ex. 10A, 10B), and a distillation residues having

higher viscosities (Ex. 10C, 10D). The
estolides were subsequently hydrogenated

Ex. 10A and 10B
via 10 wt. % pal-

ladium embedded on carbon at 75° C. for 3 hours under a
pressurized hydrogen atmosphere to provide hydrogenated

estolide compounds. The hydrogenated

Ex. 10A and 10B

estolides were then subjected to a basic anionic exchange
resin wash according to the method set forth in Example 6 to
provide low-acid estolides (Ex. 10A™* and 10B*). The prop-

erties of the resulting low-acid Ex. 10A* estolides included a

kinematic viscosity of 6.8 ¢St (@ 100° C. and an
than 1.5, while the low-acid

EN of less
Ex 10B* estolides exhibited

properties that included a kinematic viscosity of 6.3 ¢St @

100° C. and an

n

EN of less than 1.5.

Example 11

r

T'he composition of:
Table 2, except the E

'ormulation 9 was prepared as set forth
Ex. 7A* estolides were replaced with

Ex. 10A* estohde and Ex. 10B* estolides (formulations 11 A
and 11B, respectively). The resulting formulations were
tested according to Sequence VID conditions (ASTM D7589)
for compliance with ILSAC GF-5 resource conserving stan-

dards. The results of those tests, as compared to GF-5 stan-
dards, are set forth in Table 6.

TABLE 6
VID Merits
(FEI XW-30
viscosity GF-5 Test#1 Test#2 Test#3 Test#4d TTest#5
grade) Limits (11A) (11A)  (11A)  (11A) (11B)
FEI sum 1.9% mm. 1.20% 140% 1.77% 1.47% 3.30%
after 60 hrs
aging
FEI sum 0.9% mm. 0.36% 0.29% 0.52% 0.57% 1.73%
after 100 hrs
aging
Result — Fail Fail Fail Fail Pass

The mvention claimed 1s:

1. A composition comprising:

(1) about 30% to about 40% by weight of an estolide base
o1l having a kinematic viscosity from about 5 to about 10
cSt at 100° C., said estolide base o1l comprising at least
one estolide compound selected from compounds of
Formula I:
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Formula I
O
4
Ri—C
\
_ O 5 -
Y
CHsj (CHZ)yCH(CHg)IC
\
b O - H O
L
CHj; (CHZ)yCH(CHg)IC
OR>

wherein

X 1s, independently for each occurrence, an integer
selected from 7 and 8;

y 15, mdependently for each occurrence, an integer
selected from 7 and 8;

n 1s an integer selected from O, 1, and 2;

R, 1s an optionally substituted C, to C,, alkyl that 1s
saturated and unbranched; and

R, 1s an optionally substituted C, to C,, alkyl that 1s
saturated and branched,
wherein each fatty acid chain residue 1s unsubsti-

tuted;

(11) about 40% to about 53% by weight of at least one
synthetic hydrocarbon o1l or semi-synthetic hydrocar-
bon o1l;

(1) about 5% to about 15% of at least one calcium sul-
fonate detergent inhibitor;

(1v) at least one antioxidant; and

(v) at least 1% by weight of at least one styrene-type
viscosity modifier,
wherein the composition exhibits a wear rating of 60 um

or less, and a viscosity increase of 150% or less at 40°
C., when tested according to ASTM Method 7320,

wherein the estolide base 01l has an 10dine value of less
than 10 cg/g,
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and wherein the composition has a bio-based content of
at least 25% by weight when tested according to

ASTM Method D6866.

2. The composition according to claim 1, comprising

30 to 40% by weight of the estolide base o1l;

5 to 15% by weight of the at least one detergent inhibitor;

at least 0.1% by weight of the at least one antioxidant; and

2 to 5% by weight of at least one viscosity modifier; and

40 to 55% by weight of the at least one non-estolide base

o1l.

3. The composition according to claim 1, wherein the bio-
based content of at least 25% by weight of the composition 1s
derived from the estolide base o1l.

4. The composition according to claim 1, wherein the com-
position exhibits a weighted piston deposit rating of at least 7
when tested according to ASTM Method 7320.

5. The composition according to claim 1, wherein the at
least one viscosity modifier comprises a styrene-diene type
polymer.

6. The composition according to claim 1, wherein the at
least one detergent inhibitor comprises an overbased calcium
sulfonate.

7. The composition according to claim 1 , wherein the at
least one non-estolide base o1l 1s a semi-synthetic o1l com-
prising a Group III oil.

8. The composition according to claim 1, wherein the
estolide base o1l has an 10dine value of less than 5 cg/g.

9. The composition according to claim 1, wherein the
estolide base o1l comprises about 35% by weight of the com-
position.

10. The composition according to claim 1, wherein the
composition exhibits a wear rating of 0 to 30 um or less when
tested according to ASTM Method 7320.

11. The composition according to claim 1, wherein the
composition exhibits a viscosity increase of 5 to 100% at 40°
C. when tested according to ASTM Method 7320.

12. The composition according to claim 2, wherein the at
least one antioxidant comprises 0.1 to 2% by weight of the
composition.
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